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Abstract 
Functional RNA molecules must fold into highly complex three-dimensional (3D) structures and 
undergo precise structural dynamics in order to carry out their biological functions. However, the 
principles that govern RNA 3D folding and dynamics remain poorly understood. Recent studies 
have proposed that topological constraints arising from the basic connectivity and steric 
properties of RNA secondary structure strongly confine the 3D conformation of RNA junctions 
and thus may contribute to the specificity of RNA 3D folding and dynamics. Herein, this 
hypothesis is explored in quantitative detail using a combination of computational heuristic 
models and the specially developed coarse-grained molecular dynamics model TOPRNA.  
First, studies of two-way junctions provide new insight into the significance and 
mechanism of action of topological constraints. It is demonstrated that topological constraints 
explain the directionality and amplitude of bulge-induced bends, and that long-range tertiary 
interactions can modify topological constraints by disrupting non-canonical pairing in internal 
loops. Furthermore, topological constraints are shown to define free energy landscapes that 
coincide with the distribution of bulge conformations in structural databases and reproduce 
solution NMR measurements made on bulges. 
Next, TOPRNA is used to investigate the contributions of topological constraints to 
tRNA folding and dynamics. Topological constraints strongly constrain tRNA 3D conformation 
and notably discriminate against formation of non-native tertiary contacts, providing a sequence-
independent source of folding specificity. Furthermore, topological constraints are observed to 
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give rise to thermodynamic cooperativity between distinct tRNA tertiary interactions and encode 
functionally important 3D dynamics. Mutant tRNAs with unnatural secondary structures are 
shown to lack these favorable characteristics, suggesting that topological constraints underlie the 
evolutionary conservation of tRNA secondary structure. Additional studies of a non-canonical 
mitochondrial tRNA show that increased topological constraints can reduce the entropic cost of 
tertiary folding, and that disruptions of topological constraints explain the pathogenicity of a 
insertion mutation in this tRNA. UV melting experiments verify these findings. 
Finally, TOPRNA is used to study the topological constraints of the 197 nucleotide 
Azoarcus Group I ribozyme. It is shown that topological constraints strongly confine this RNA 
and provide a mechanism for encoding tertiary structure specificity and cooperative hierarchical 
folding behavior. 
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Chapter 1: Introduction 
 
Portions of this chapter have been adapted from the following publications: 
Bailor, M. H., Mustoe, A. M., Brooks, C. L. III, and Al-Hashimi, H. M. (2011) Topological 
constraints: using RNA secondary structure to model 3D conformation, folding pathways, 
and dynamic adaptation. Current Opinion in Structural Biology, 21, 296-305. 
 
Bailor, M. H., Mustoe, A. M., Brooks, C. L. III, and Al-Hashimi, H. M. (2011) 3D maps of RNA 
interhelical junctions. Nature Protocols, 6, 1536-1545. 
 
Dethoff, E. A., Chugh, J., Mustoe, A. M., and Al-Hashimi, H. M. (2012) Functional complexity 
and regulation through RNA dynamics. Nature, 482, 322-330. 
 
Mustoe, A. M., Brooks, C. L. III, and Al-Hashimi, H. M. (2014) Hierarchy of RNA functional 
dynamics. Annual Review of Biochemistry, 83, 441-466. 
  
 
1.1 The Role of RNA 3D Structure and Dynamics in Cellular Function 
1.1.1 RNA Biology 
Composed of only four chemically similar nucleotides, RNA was long thought to lack the 
chemical and structural complexity needed to drive biochemical processes that power living 
cells, limited instead to a role as a rudimentary messenger. However, discoveries in molecular 
biology over the past three decades have shown that nothing could be further from the truth. 
Groundbreaking studies by Cech and Altman in the 1980s showed that RNA is capable of 
catalytic activity (1,2). Entire new classes of RNA such as microRNAs and long-non-coding 
RNAs (lncRNA), among many others, have been discovered and shown to play central roles in 
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gene regulation (3-5), and their dysfunction has been implicated in many human diseases (6,7). 
Sophisticated ribonucleoprotein complexes such as the spliceosome and ribosome, which were 
previously thought to derive their functionality from their protein components, have since been 
shown to be primarily RNA machines (8-11). Even classic RNAs such as transfer, messenger, 
and viral RNAs play surprisingly complex roles in protein synthesis (12-15). In a culmination of 
these studies, it is now believed that seventy-five percent of the human genome codes for RNA, 
the function of most of which we are only beginning to uncover, whereas less than 2% code for 
proteins (16,17). 
 
1.1.2 Function RNA 3D Structure 
For most RNAs, function is intimately related to and dependent on an ability to fold into a highly 
precise three-dimensional (3D) structure that is encoded by the RNA sequence (18). For 
example, early biophysical studies of transfer RNA (tRNA) molecules revealed that they 
universally fold to an ‘L’-like structure that rivals the complexity of folds adopted by proteins 
(Figure 1.1) (19-21). This 3D fold is exactly complementary to the different tRNA binding sites 
in the ribosome, with the L-shape allowing tRNA to recognize a cognate mRNA codon at one 
end while simultaneously allowing the chemically-linked amino acid at the other end to interact 
with the ribosomal peptidyl transferase center >70 Å away (12,22). Other aspects of tRNA 3D 
structure, such as the specific arrangement of ‘identity’ nucleotides throughout the tRNA body, 
allow aminoacyl synthetase proteins to recognize tRNAs in a species-specific manner and hence 
ensure the fidelity of amino-acid charging (22). The highly conserved ‘elbow’ of the L also 
serves as an important recognition site for other tRNA processing enzymes and regulatory 
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molecules (23,24). Mutations to the tRNA sequence that disrupt these structural features severely 
disrupt biological function (25,26). 
Crystal structures and mechanistic studies have similarly revealed an intimate 
relationship between 3D structure and function in other RNAs (18,27). Catalytic RNA 
molecules, otherwise known as ribozymes, adopt complex folds that possess highly specific 
binding pockets that recognize RNA substrates with high affinity (Figure 1.1) (24,28-31). The 
bound substrate is in turn precisely aligned for catalysis by networks of hydrogen bonds, base-
stacking interactions, and coordinated metal ions. So-called riboswitches, which are regulatory 
  
Figure 1.1: Functional RNA 3D structure and dynamics 
 (A) Crystal structure of tRNA (PDB 6TNA). Conserved long-range tertiary base pairs are shown in red. (B) Crystal 
structure of the hairpin ribozyme (PDB 1M5K). Cleaved strand is shown in red, with cleavage site shown in yellow. 
(C) Different X-ray structures of tRNAPhe in the unbound state (black, PDB 1EHZ), in complex with RNaseP (blue, 
engineered anticodon stem removed, PDB 3Q1Q), the ribosome in the P/E state (gray, PDB 3R8N), isopentenyl-
tRNA transferase (red, PDB 3FOZ), and phenyalanyl-tRNA synthetase (yellow, PDB 1EIY). The structures are 
superimposed by the acceptor stem. (D) Enzymatic cycle of the hairpin ribozyme. 
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RNAs that specifically bind small-molecule ligands, adopt folds with binding sites that 
completely encapsulate the target molecule (32,33). Other RNAs serve as scaffolds, with 
function arising from an ability to organize bound proteins in specific 3D arrangements (3,34). 
While the structure-function relationship is still poorly understood for many other RNAs such as 
lncRNAs (35), molecular biology dogma holds that 3D structure will eventually be shown to be 
central to the function of these molecules as well. 
 
1.1.3 Function of RNA Dynamics 
More recently, studies have also begun to emphasize the importance of structural dynamics to 
RNA biological function (36-39). RNAs possess an incredible ability to undergo complex 
structural changes in response to a wide range of cellular cues such as binding by proteins or 
other RNAs (40,41), small-molecule ligands (42,43), and metals (44), and changes in 
temperature (45) and pH (38,46). Again using tRNA as an illustrative example, microscopic 
changes in backbone orientation and local hydrogen bonding, as well as macroscopic 
reorientations of entire helical domains, allow tRNA to optimize intermolecular interactions with 
its diverse cellular partners (Figure 1.1) (47). The low energy barriers to such conformational 
changes are particularly important for allowing tRNA to efficiently traverse through the confines 
of the ribosome during translocation between the A-, P-, and E- ribosomal binding sites (48-50). 
In some cases, cofactor-induced structural changes can serve as transducers, triggering additional 
functional events. Notably, successive changes in inter-helical orientations induced by protein 
binding are thought to help order the assembly of complex ribonucleoprotein (RNP) machines, 
including the 30S ribosome (51-53), the signal recognition particle (54), and telomerase (55). 
Another important functional role of RNA 3D dynamics includes facilitating rapid substrate 
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turnover in ribozymes (56-58); a common mechanism utilizes an ‘undocked’ conformation to 
efficiently bind substrate, which is followed by a transition to a docked conformation where the 
substrate is aligned for catalysis in the active site, and finally a transition back to undocked state 
to mediate product release (Figure 1.1). Lastly, while not a topic of this thesis, it should be noted 
that large-scale changes in secondary structure provide a particularly rich source of RNA 
functional complexity. For example, riboswitches use secondary structure changes effected by 
small-molecule binding or other environmental factors to sequester or reveal regulatory sequence 
elements (59). 
Much as RNA function depends a specific 3D fold, specificity is a critical feature of most 
functional RNA dynamics. This ensures, for example, that RNAs are able to adaptively bind to 
their correct cellular targets, yet not indiscriminately bind off-target cofactors (36). For RNAs 
such as ribozymes that cycle through multiple conformations during their functional lifecycle, 
dynamic specificity reduces the conformational space that must be searched between each 
transition, accelerating kinetics (60,61). Perhaps most importantly, dynamic specificity provides 
the foundation of RNA switching activity (59), ensuring that environmental effectors robustly 
generate the desired structural change. 
The discussion above provides only a small sampling of the remarkable structural and 
dynamic diversity exhibited by RNA molecules. Nevertheless, the universal theme is that RNA 
biological function is intimately related to specific 3D structure and dynamics.  
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1.2 The RNA Free Energy Landscape 
1.2.1 Overview 
Understanding the physical principles that govern RNA folding and dynamics has been a long-
standing challenge in biophysics. Free energy landscape theory, which was first developed to 
describe the folding and dynamics of proteins by Frauenfelder, Sligar, and Wolynes (62,63) is 
equally applicable to RNA and provides a powerful common language for describing how 
sequence encodes RNA behavior. In solution, a given RNA does not fold into a single structure, 
but rather forms a statistical distribution, or ensemble, of many inter-converting conformations. 
This statistical ensemble can be described in terms of a continuous free energy landscape, which 
specifies the free energy of every atomic configuration. The population of each configuration 
depends on its free energy, whereas the rates of inter-conversion between individual 
configurations depend on the height of the separating barriers.  
Although the free energy landscape can in principle be arbitrarily complex, in RNA it is 
hierarchically organized into local energetic minima containing conformational sub-states (CS) 
that are separated by large barriers, each of which is in turn sub-divided into a larger number of 
local energetic minima that are separated by lower barriers, and so forth (Figure 1.2) (46,64,65). 
These hierarchically organized energetic layers form different “Tiers” (Tier 0, Tier 1, etc…), and 
RNA folding and dynamics can in turn be hierarchically organized in terms of transitions 
between CSs within different tiers.  
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1.2.2 Tier 0: Secondary structure folding and dynamics 
The lowest tier of the RNA free energy landscape dictates secondary structure folding and 
dynamics (Figure 1.2). Driven by strong favorable base stacking interactions and cross-strand 
hydrogen bonding, RNA molecules have an overwhelming propensity to fold back on 
 
 
Figure 1.2: The different tiers of the RNA free energy landscape 
Tier 0 defines broad secondary structure free-energy basins with high separating barriers. Tier 1 defines narrower 
free energy basins associated with alternative tertiary base-pairing arrangements of a given secondary structure. 
These include differences from base pair melting (blue, left), reshuffling (right, red), and tertiary pairing (far right, 
green). Tier 2 defines shallow free-energy basins associated with specific loop and interhelical conformations. These 
dynamics include loop dynamics (left, red) and interhelical dynamics (right, green). Although barrier heights 
between different loop and interhelical conformations are similar, interhelical dynamics typically occur more slowly 
due to the larger number of involved coordinates (long rough separating barrier). 
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themselves to form highly stable A-form helical elements comprised of Watson-Crick and G•U 
base pairs (66-68) (Figure 1.3). Each pair can be worth as much as -3.5 kcal/mol of free energy, 
and extended helices can have melting temperatures well above 80° C (67). Together, the 
collection of helical elements and remaining single stranded regions define the secondary 
structure of an RNA molecule. 
Decades of studies have demonstrated that RNA secondary structure is independently 
stable and folds before higher-order 3D structure (64,65). To a first approximation, both the 
equilibrium conformation and stability of secondary structure can be predicted from primary 
sequence using simple additive thermodynamic models that take into account the differential 
stability of base pairs (G•C > A•U > G•U) and differences in the stacking energy between 
neighboring base pairs in a helix (69). As is discussed throughout this thesis, secondary structure 
plays a profound role in shaping the higher levels of the RNA free energy landscape and for this 
reason is typically the most highly evolutionary conserved aspect of RNA molecules (70,71). 
Notably, the high conservation of secondary structure contrasts with the low conservation of 
primary sequence; mutations of base-paired residues are readily tolerable as long they are offset 
 
Figure 1.3: RNA secondary structure 
(A) Secondary structure diagram of yeast tRNAPhe. (B) Conservation of tRNA sequence across all organisms and 
amino acid species projected onto the secondary structure. Residues conserved in <90% of tRNA species are 
indicated by circles (72). Conserved long-range tertiary interactions are drawn by bold lines and labeled. Semi-
conserved base-triples are drawn as gray lines.  
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by compensatory mutations to the pairing partner. tRNA provides a classic example of an RNA 
that possesses little primary sequence conservation yet universal secondary structure 
conservation (Figure 1.3). 
While most functional RNAs must fold to a single well-defined secondary structure in 
order to function, the free energy landscape is both complex and rough. Due to the inherent 
degeneracies of the energetics of base-pairing, many RNA molecules also misfold to alternative 
secondary structures (73-75). The stability of such misfolded helices in turn presents a large, 
sometimes-insurmountable barrier to refolding to the native secondary structure, and cells have 
evolved specialized chaperone proteins to help catalyze such secondary structure refolding 
(75,76). Thus, secondary structure folding plays a critical role in understanding the overall 
mechanism of RNA folding and remains an extremely active area of RNA research (77-79). As 
noted above, dynamics between alternative secondary structures also provide the foundation for 
many important RNA functions. Nevertheless, the remainder of this thesis will focus on the 
higher levels of RNA free energy landscape, assuming the existence of single prefolded native 
secondary structure. 
 
1.2.3 Tier 1: Tertiary structure folding and dynamics 
Within the free energy basin defined by global secondary structure, a diverse array of attractive 
tertiary interactions serves to stabilize specific 3D conformations of RNA helices, which together 
define the second tier of the RNA free energy landscape and govern 3D folding (Figure 1.2). 
The strongest of these interactions are the non-canonical pairing interactions (e.g. G•A pairs 
(80,81)) that occur between internal loop residues held in close proximity by neighboring 
canonical base pairs, as well as long-range canonical and non-canonical pairings between distal 
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loops (82). Other important interactions include long-range base-stacking interactions, favorable 
interactions between the RNA backbone and tightly bound cations, and weaker base-to-backbone 
hydrogen bonding interactions such as those found in A-minor motifs (27,82-84).  
Apart from local non-canonical pairing in internal loops, individual tertiary interactions 
are typically less stable (<-2 kcal/mol) than secondary structure base pairs, and hence complex 
networks of multiple interactions are needed to stabilize RNA folds (82). The classic example of 
such a network can be found in tRNA, which for over 20 years remained the only example of a 
known RNA tertiary fold (21). Highly conserved canonical and non-canonical pairs within and 
between the D- and T- loops, base triples between the A/D- and V-loops and the D-stem, and a 
multitude of long-range stacking interactions are critical for maintaining the characteristic tRNA 
‘L’-shape (Figure 1.1, 1.3).  
The past decade has seen a veritable explosion in the number of known RNA tertiary 
structures (27,85), revealing many insights into the interactions that stabilize RNA 3D structure. 
However, despite the growing catalogue of known tertiary interactions, the rules that govern 
tertiary folding remain poorly understood. While well conserved in tRNA, it has been much 
more difficult to identify conserved tertiary interactions in other RNAs (70,86). Most tertiary 
interactions are promiscuous, particularly those such as A-minor motifs that occur between the 
RNA backbone (87). The few tertiary interaction motifs that are specific, such as 
tetraloop/tetraloop-receptors, are reused multiple times in the same molecule (88). Furthermore, 
poorly understood cooperativity between tertiary interactions as much as 40 Å apart is 
responsible for a large proportion of the free energy of tertiary folding in many RNAs (89,90). 
Molecular crowding agents that indiscriminately promote RNA compaction have also been 
shown to stabilize native 3D structure, a somewhat surprising result given that such compaction 
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could naively be expected to also stabilize misfolds (91,92). Together, these facts pose the 
currently unanswered question: what is the source of tertiary structure folding specificity? 
An essential feature of RNA tertiary folding is its strong dependence on solution cation 
concentration. This dependence is due to the negative charge of the RNA phosphate backbone, 
which generates strong electrostatic repulsions that disfavor close packing of helices. Folding 
requires the uptake of Na+, K+, and particularly Mg2+ ions to neutralize these repulsions, and this 
uptake poses a strong entropic penalty on folding when these ions are low abundance (93-95). 
While it was originally thought that ions were site-specifically bound by tertiary motifs, more 
recent studies have instead argued that in most cases ions diffusely associate with the RNA, 
forming an ‘ion atmosphere’ (95,96). The general success of mean-field Poisson-Boltzmann 
calculations in describing the salt dependence of RNA folding provides strong support for such a 
diffuse ion model (94,97), although bona fide examples of specifically coordinated ions exist 
(98).   
While theoretical studies suggest that electrostatic forces between helices are 
significantly screened at the high salt concentrations needed for folding (97,99), the salt-
dependence of RNA tertiary structure stability has provided the principle means for investigating 
Tier 1 of the energy landscape. Generally, experiments are initiated from a low (non-
physiological) salt condition where the majority of secondary structure is prefolded and 
equilibrium tertiary folding is monitored as the salt concentration is increased (64,100,101). 
Alternatively, folding kinetics are monitored after a rapid jump in salt concentration. These and 
related studies have shown that charge neutralization induces RNA to rapidly and cooperatively 
collapse from a disordered ensemble of extended conformations to a native-like ensemble of 
compact intermediates. While tertiary structure is incompletely formed, the compact 
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intermediates are stabilized by native interactions (89). Interestingly, despite having substantial 
native character, a large fraction of the compact ensemble can consist of misfolded species, 
which is thought to be due to topological frustration or local mispairing of secondary structure 
(102). For the set of native compact intermediates, further increases in salt concentration leads to 
slow consolidation to the final 3D conformation where all native tertiary interactions are fully 
formed (100). While the atomic details of this consolidation process are unclear, particularly in 
large RNAs, it is thought to involve reorganization of non-specific tertiary interactions such as 
non-canonical pairs and interactions between tightly associated ions. Non-native intermediates 
also eventually fold at higher salt concentrations, although on much slower timescales.  
A key theme arising from the RNA folding literature described above is that RNA 
molecules possessing fully native secondary structure generally possess native-like tertiary 
structure.  In other words, it is rare to observe a ‘tertiary-misfolded’ RNA, even among compact 
intermediates that lack fully formed tertiary interactions. Thus, returning to the original question 
of what is the source of tertiary structure folding specificity, this observation suggests that 
specificity may be encoded at the secondary structure level. Exploring this hypothesis is a central 
aim of this dissertation. 
In addition to encoding 3D structure, Tier 1 also plays an important role in defining 
tertiary structure dynamics that are important to many biological mechanisms. Examples of such 
dynamics include base-pair melting fluctuations, where base pairs transiently break apart (103), 
and base-pair isomerizations, where non-canonical and G•U base-pairs interconvert between 
alternative hydrogen bonding arrangements (81,104,105). Base pairs in internal loop motifs can 
also ‘reshuffle’, locally rearranging their pairing partners (106). Such local changes in base-
pairing geometry and arrangement are typically destabilized by <3 kcal/mol relative to the most 
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favorable state, and thus they are readily populated. As explored in detail in Chapter 2, these 
conformational changes play important roles in shaping Tier 2 dynamics. On longer timescales, 
cooperative melting and reforming of tertiary interactions allow RNAs to transition between 
different functional conformations. A notable example is the ‘docking’ and ‘undocking’ 
transitions undergone by ribozymes during their catalytic lifecyles, where the ‘tertiary unfolded’ 
undocked state is only 1-2 kcal/mol higher in energy (61,107). 
 
1.2.4 Tier 2: Interhelical and loop conformation and dynamics 
Even after RNA has formed local non-canonical pairing and tertiary interactions, it still retains 
considerable structural flexibility (Figure 1.2). Unpaired residues in bulge motifs and other loops 
are able to change conformation with minimal energetic penalties (108), and helical domains 
linked by such single-stranded motifs can correspondingly undergo large-scale reorientations 
with respect to one another (109). On a microscopic scale, the sugar-phosphate backbone can 
repucker and reorient (110,111). Together, these various degrees of freedom define the relatively 
flat Tier 2 of the RNA free energy landscape.  
The primary energetic determinants of the Tier 2 landscape are the favorable base-
stacking interactions that occur between neighboring secondary structure helices and single-
stranded residues. The strength of these interactions is highly context-dependent, with purine-
purine stacks much stronger than pyrimidine-pyrimidine stacks (67). However, these interactions 
provide at most -3 kcal/mol and more typically <-1 kcal/mol in stabilizing energy (112,113), and 
thus unstacking and other rearrangements in loop conformation occur facilely. In turn, the 
dynamism of single-stranded loops allows helical domains to reorient with little to no energetic 
penalty. These so-called interhelical dynamics have been extensively characterized by the Al-
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Hashimi lab in the HIV-1 trans-activation response element (TAR) model system, which consists 
of two helices linked by a 3-nt single-stranded bulge motif. A variety of NMR and combined 
NMR and molecular dynamics (MD) studies have revealed that a superposition of slower 
stacking and unstacking transitions on µs timescales and faster ns motions within a given 
‘stacked’ energy basin give rise to 0°-90° changes in the interhelical bend (108,109,114). Similar 
large changes in interhelical conformation have been observed in many other RNAs by a variety 
of experimental methods (115-123). As illustrated by the different conformations adopted by 
tRNA in Figure 1.1, such interhelical reorientations can also occur in the context of a well-
folded tertiary structure.  
Despite the flatness of Tier 2 of the energy landscape, the structural dynamics that occur 
on this level of the hierarchy are highly specific (39,124). This has extremely important 
consequences for folding and for functions that harness Tier 2 dynamics. The source of this 
specificity is a central topic of this thesis and is discussed in greater detail in Section 1.3.   
 
1.2.5 Coupling between Tiers 
It is important to note that the above hierarchical description of the RNA free energy landscape is 
a simplification. For example, studies have shown that favorable tertiary interactions on Tier 1 
can stabilize an otherwise unstable secondary structure (125-127). The tertiary structure stability 
of certain well-folded molecules like tRNA can also approach or exceed that of individual helical 
elements at high salt concentrations (128). Furthermore, when folding is initiated from a 
conformation lacking prefolded secondary structure, tertiary interactions often form 
concomitantly with native secondary structure and in turn bias RNA folding along specific 
pathways (77,129-131). Such behavior is likely more representative of RNA folding in vivo, 
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where RNAs fold co-transcriptionally as the nascent chain emerges from the RNA polymerase 
(127). Nevertheless, the hierarchical view of RNA folding has been well validated as a general 
model and provides an essential foundation for understanding the complexity of RNA folding 
and dynamics. 
 
1.3 RNA junctions and topological constraints 
1.3.1 RNA junctions as important determinants of RNA 3D conformation 
Due to the clear importance of long-range tertiary interactions and electrostatics for RNA 
stability, most studies of RNA have focused on understanding how these forces shape Tier 1 of 
the free energy landscape. However, it is also known that secondary structure plays a powerful 
role in determining RNA 3D conformation. At the most basic level, secondary structure specifies 
the local helical structure of paired nucleotides. Global RNA structure is in turn largely dictated 
by the relative 3D orientation of these helical elements. Thus, the key link between secondary 
and 3D structure is the conformation of so-called interhelical junctions, which are the motifs of 
single-stranded residues or non-canonical base-pairs that link two or more helices (Figure 1.4) 
(46,132). A growing body of research has suggested that junctions inherit strong conformational 
preferences based on their number of helices and single-stranded residues, and that these 
preferences influence 3D folding and dynamics.  
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The ability of junctions to influence RNA 3D conformation has been appreciated from 
the early 1990s. Using electropheretic gel mobility measurements, fluorescence resonance 
energy transfer, transient electric birefringence, and electron microscopy, Lilley (133,134), 
Griffith (135), Draper (136) and Hagerman (137,138) showed that bulges and internal loops 
induce directional bends in DNA and RNA duplexes by amounts dependent on the length, 
asymmetry and sequence of the junction. Longer bulges induced greater bends but only up to a 
certain length of 5–7 nucleotides. Similarly, studies of isolated three and four-way junctions 
indicated that these motifs adopt only a limited set of conformations, often involving coaxial 
stacking of one or two pairs of helices (139). Evidence of the importance of junctions to 3D 
folding was also hinted at by their strong evolutionary conservation. For example, whereas apical 
loops that cap helices generally vary in length across different species of the same class of RNA, 
the length of single-stranded loops that link helices are universally conserved (140,141). 
These early observations have since been corroborated by the growing database of RNA 
X-ray structures. Surveys by Lescoute and Westhof (142) demonstrated that three-way junctions 
 
Figure 1.4: Cartoons of different RNA junctions 
Junction linkages are shown in red for (A) two-way bulge, (B) two-way internal loop, (C) three-way, and (D) four-
way junctions. Red straight lines indicate single-stranded or non-canonical paired residues, and black lines indicate 
flanking canonical base-paired helices. 
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generally adopt only one of three different classes of folded conformations, with class 
significantly determined by the length of single-stranded nucleotides within the junction. Similar 
surveys of four-way and higher-order junctions observed correlations between folded 
conformation and secondary structure (143,144).  
The most compelling illustration of the role of junctions in RNA folding comes from a 
series of studies performed on the hairpin ribozyme, a paradigm system for studying RNA 
tertiary folding (145). In its simplest form, the hairpin ribozyme comprises two helices with 
embedded internal loops that are linked by a central two-way junction (Figure 1.1). When 
folded, the two internal loops form tertiary interactions that stabilize the helices in a parallel 
conformation and catalyze self-cleavage of one internal loop strand. However, other forms of the 
ribozyme exist, and in particular, the evolutionarily favored form of the ribozyme replaces the 
central two-way junction with a four-way junction. While the additional helices form no tertiary 
interactions, it was shown that the four-way junction stabilizes the folded conformation by -2 
kcal/mol (107). Other modifications to the central junction, such as changing it to a three-way 
junction, or changing the length of the single-stranded linker in the two-way junction variant, 
also modulated folding stability by several kcal/mol (107,146). These changes in folding stability 
in turn correlated with changes in the catalytic rate of the ribozyme. Follow up studies later 
showed that the changes in stability were a result of changes in the entropic cost of folding (147), 
which in the four-way junction specifically increase the folding rate compared to the two-way 
junction (60). 
From a different perspective, predicting junction conformation has proven to be a 
promising strategy for predicting global tertiary structure, and interest in this area has 
significantly increased with the development of methods that have made it relatively 
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straightforward to determine RNA secondary structure (14,148). An influential early study by 
Michael Levitt (19) used inferred interhelical stacking arrangements to arrive at a reasonable 
prediction of tRNA 3D structure. Later studies by Michel and Westhof (141) used similar 
principles to guide their remarkably accurate prediction of group I intron structure. More 
recently, a number of groups have had success using homology and knowledge-based 
approaches to predict the conformation of individual junctions and then using these predictions 
to infer global tertiary structure (149-154). Many others have demonstrated that combining 
knowledge of junction conformational biases with a limited number of inferred tertiary or 
experimental constraints is sufficient to accurately determine 3D structure (155-162).  
Collectively, these studies strongly indicate that junctions play a potentially powerful role 
in determining RNA 3D conformation. However, a comprehensive understanding of the forces 
governing junction conformation and dynamics has remained as elusive as it has for tertiary 
structure. Experimental observations represent a convolution of multiple forces that has proven 
difficult to disentangle. These include electrostatics, attractive interactions between bases, 
potential non-canonical base-pairing interactions, as well as entropic contributions arising from 
the steric and connectivity properties of a given junction. Homology modeling methods, although 
successful, are ill-suited to provide a deeper understanding into the RNA free energy landscape. 
 
1.3.2 Topological constraints 
As alluded to above, the basic steric and connectivity properties of RNA junctions play 
important roles in governing 3D conformation even in the absence of attractive interactions and 
electrostatics. The single-stranded residues that tether helices together are short (<7 Å per nt) in 
comparison to the local diameter of the A-form helix (~17 Å across a base pair) (163). This gives 
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rise to connectivity constraints – i.e. reorientation and translation of one helix relative to another 
is severely restricted by the short length of the tethers (Figure 1.5). The specific nature of these 
connectivity constraints will vary depending on the junction topology, including the number of 
helices in the junction (two-way, three-way, etc.), relative lengths of linking strands, and whether 
bases in junctions adopt a looped in or looped out conformation. In addition, steric constraints 
between RNA helices further restrict the allowed translation and reorientation of helices with 
respect to one another (Figure 1.5). These steric collisions can be long-range in nature, occurring 
between helices that are far apart in sequence. Together, these fundamental constraints comprise 
so-called topological constraints that strongly limit junction conformation. 
The concept that topological constraints have a powerful influence on biomolecular 
structure has a long history, originating with the seminal description of the Ramachandran plot of 
allowed (ϕ,φ) backbone dihedral angles in proteins (164). Similar maps of allowed backbone 
dihedral conformations have been constructed for RNA (165,166). On a more fundamental level, 
 
Figure 1.5: Illustration of topological constraints on a bulge 
(A) Secondary structure cartoon of a 2-nt bulge motif. (B) A topologically allowed interhelical conformation that 
satisfies both the connectivity constraints of the bulge linker (black) and steric constraints of the helices. (C) An 
interhelical conformation that is disallowed due to connectivity constraints of the bulge (red). (D) An interhelical 
conformation that is disallowed due to steric constraints (orange). 
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it has long been known from basic polymer physics that simple steric and connectivity properties 
of polymer chains give rise to forces that affect molecular conformation (167). However, 
application of these ideas on a macroscopic level to understand RNA junction conformation is 
only a recent development. 
 The first rigorous investigation of topological constraints in RNA junctions was prompted 
by studies of the two-way junction of HIV-1 TAR by the Al-Hashimi lab. Using both NMR 
(109) and a combined NMR-MD approach (168), they observed that at equilibrium TAR 
populates a wide range of interhelical conformations, characterized by 90° changes in 
interhelical bend and 60° changes in twist. Surprisingly, however, the distribution of populated 
conformations was highly anisotropic and directed along a very specific motional pathway. 
Studies of the related HIV-2 TAR, which replaces the 3-nt bulge found in HIV-1 with a shorter 
2-nt bulge, revealed that it populates a similar although more limited distribution (168). To 
explore the generality of these observations, Bailor et al. (124) measured the interhelical 
conformations for all two-way junctions in the protein databank (PDB) using the approach 
outlined in Section 1.4. Strikingly, despite being derived from highly diverse structural and 
sequence contexts, the interhelical conformations observed among this collection of >3,500 
junctions were limited to similar anisotropic distributions. Increasing the asymmetry of the 
internal loop resulted in an increase in the range of orientations sampled, whereas increasing the 
length of both loop strands resulted in a systematic shift in the interhelical twist by an amount 
comparable to the helical periodicity, assumed to be due to be non-canonical loop pairing. 
 To rationalize these observations, Bailor et al. (124) used a simple heuristic model to 
compute the set of interhelical orientations that are allowable given the topological constraints on 
junctions. These calculations revealed that topological constraints restrict two-way junctions to 
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highly anisotropic distributions of allowed states comprising only 4% of the total possible 
conformational space for 1-nt bulges, and growing to only 20% when the connectivity 
constraints are relaxed in 4-nt bulges. Impressively, despite containing such a limited number of 
conformations, the allowed distribution captured ~85% of the orientations observed in the PDB.  
 Concurrently, Chu et al. (169) used simulations of a model system consisting of two 
coarse-grained, idealized DNA helices adjoined by one or two polyethylene glycol (PEG) tethers 
to explore the effects that junction connectivity has on the 3D conformational landscape of RNA 
two-way junctions. The use of PEG ensured that sequence-specific interactions did not bias their 
results. Similar to the results of Bailor et al., these simulations revealed that the PEG junction 
limits the set of interhelical conformations to a highly anisotropic distribution of allowed states. 
The approach taken by Chu et al. also allowed them to calculate free energy penalties imposed 
by the PEG linkers on different interhelical conformations, which ranged in magnitude by as 
much as 5 kcal/mol. Intriguingly, Chu et al. further demonstrated that these topological energy 
penalties could be used to discriminate against formation of non-native tertiary interactions 
between the helices, providing a potential strategy for encoding tertiary folding specificity in 
RNA.  
 Together, the results of Bailor et al. and Chu et al. pose the intriguing hypothesis that basic 
secondary-structure-encoded topological constraints play important roles in directing RNA 
folding and dynamics.  
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1.4 Quantifying RNA Interhelical Conformation  
1.4.1 Motivation 
In order to study the effects that topological constraints have on RNA structure, it is necessary to 
develop a unique geometric descriptor of RNA junction conformation. For example, the 
description of polypeptide backbones in terms of φ and ψ torsion angles was critical for the 
development of the Ramachandran map, and the (φ, ψ) description remains a central tool for 
analyzing protein structures (170-173). Local descriptors of nucleic acid structure have been 
developed for describing fine-grained helical and base pair parameters as well as sugar and 
phosphodiester torsions (163,174,175). However, there is a gap between atomic-level descriptors 
of local structure and descriptors that concisely relate the relative orientation and translation of 
secondary structure helices that comprise the fundamental building blocks of RNA global 
structure. 
 Traditionally, studies of RNA junctions have focused solely on the interhelical bend angle, 
which proves easier to measure without having to determine high-resolution structure 
(108,137,138,176-183). However, as helices are chiral objects, three angles are required to 
specify the orientation of one helix relative to another. The advent of weak alignment NMR and 
the measurement of residual dipolar couplings (RDCs) in partially aligned (184,185) RNA 
molecules provided a route for determining two, and in favorable cases all three, inter-helical 
angles without the need for determining a high resolution structure (109,124,186-189). This 
spurred the development and standardization of the Euler angle convention described below. 
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1.4.2 The (αh, βh, γh) convention 
In order to describe the relative orientation of two helices across junction we rely on the fact that 
RNA helices overwhelmingly adopt standardized A-form structure (190); variations in structure 
observed across high-resolution X-ray structures are comparable to those expected due to 
thermal motions (163,191,192). This allows definition of a universal reference frame comprised 
of two coaxially stacked idealized A-form helices with the helix axis orientated along the 
positive Z-direction and twist angle Th = 51° between the junction-closing base pair of the lower 
helix (193) and Y-axis of the molecular frame (Figure 1.6A). We refer to the lower and upper 
helices as iH1 and iH2, respectively.  
 Using this reference frame, we are able to measure three Euler angles, which we term (αh, 
βh, γh), that describe the rotation needed to transform any two helices of a junction into an 
idealized stacked conformation (Figure 1.6) (124,189,194). In practice, this is performed by first 
superimposing one helix (H1) of the junction onto iH1. Next, a copy of iH2 is superimposed on 
the resulting H2 to generate iH2’ (Figure 1.6). The rotation matrix R that brings iH2’ into 
correspondence with iH2 is then determined and deconvoluted into Euler angles through: 
 
Figure 1.6: The (αh, βh, γh) convention 
(A) The idealized reference. (B) An example internal loop junction from the PDB. (C) Alignment of the H1 and H2 
helices to the reference. (D) Calculation of (αh, βh, γh) by aligning iH2’ to iH2.  
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 [1.1] 
Equivalently, R can be computed as the rotation that brings H2 into correspondence with iH2, 
after H1 and iH1 have first been superimposed.  
These angles can be intuitively related to 3D conformation by considering the inverse 
rotation, R-1, that transforms the reference frame (iH2) to a given orientation (iH2’) (Figure 1.6). 
The inverse rotation is given by 
.          [1.2] 
Here, -γh, -βh, and -αh correspond to consecutive anti-clockwise rotations of H2 about the Z, Y, 
and Z axes, respectively (195). Equivalently, the angles γh, βh, and αh denote a clockwise rotation 
of H2 about its helical axis, followed by a rotation perpendicular to H1, followed by a rotation 
about the helical axis of H1. Thus, angles αh and γh describe the relative twists of the two helices 
and βh the interhelical bend. 
  
1.4.3 Practical considerations when computing (αh, βh, γh) angles 
To facilitate comparisons of (αh, βh, γh) angles between different junctions, it is necessary to 
consistently define the H1 and H2 helices. In two-way junctions, the two helices are typically 
tethered by two strands containing X and Y residues, where X>Y (196). If the helices are tethered 
at only one strand then this is assigned as the ‘Y’ strand. Similarly, in higher-order junctions, one 
can assign one or two effective ‘X’ and ‘Y’ strands between helices, where the ‘Y’ strand has the 
fewest intervening helices and single-stranded residues. Given this definition of the strands, H1 
is assigned as the helix that is linked to the 3' end of the ‘Y’ strand. H1 is arbitrarily assigned if 
X=Y.  
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 Additional complications are associated with interpreting measured (αh, βh, γh) angles due 
to the non-linearity of the Euler angle space. First, Euler angles (αh, βh, γh) are degenerate with 
respect to (αh  180º, −βh, γh  180º) and (αh  180º, −βh, γh  180º). For the special case of 
having perfectly parallel or anti-parallel helices, there is a continuous coaxial degeneracy defined 
by (αh  D, βh = 0º or 180º, γh  D), where D is a constant. In our protocol, we lift these 
degeneracies by choosing the set of angles that have the minimal sum of squares, which serves to 
bias solutions to the pole and give the most compact distribution of Euler angles. Second, the L2 
distance between (αh, βh, γh) measured for two different junctions n and m does not provide an 
accurate measure of the similarity of their conformations. Instead, the difference in the 
conformations of two junctions is quantified as the amplitude, θnm, of the single axis rotation that 
transforms H2n into H2m following superposition of H1 (197,198). The relevant rotation, Rnm, 
which rotates H2n into H2m can be calculated through 
€ 
Rnm = Rm−1⋅ Rn = R −γ h,m , − βh,m , −α h,m( ) ⋅ R α h, n , βh, n , γ h, n( ) ,      [1.3] 
where (αh,n, βh,n, γh,n) is interhelical Euler angle of junction n. θnm can then obtained from Rnm as  
€ 
cos θ nm( ) = 12 Trace Rnm( ) −1[ ].         [1.4] 
 
1.5 Methods for studying topological constraints 
1.5.1 Heuristic methods 
The first studies of topological constraints by Bailor et al (124) relied on heuristic models to 
quantify the set of (αh, βh, γh) angles that were accessible to two-way junctions. These models 
were based on the assumption that helices possess only rotational degrees of freedom and were 
derived directly from the scheme used to measure interhelical Euler angles described in Section 
1.4. Briefly, a phosphate on one strand was chosen as a stationary pivot and the inverse rotation 
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(-γh, -βh, -αh) was applied to the idealized reference helix iH2 for all possible combinations of 
(αh, βh, γh) on a 5° grid. Each generated interhelical conformation was then evaluated for steric 
collisions between the helices, and whether the distance between the helix termini opposite the 
pivot was less than the maximum length a bulge of x nucleotides could span. To model internal 
loops, the set of (αh, βh, γh) computed for bulges was shifted by -17°*y in both αh and γh, where y 
is length of the shorter strand in the internal loop. This shift was inferred based on the 
observation that (αh, βh, γh) angles in internal loops were systematically over-twisted by -33 Å 
per nucleotide in the shorter loop strand, and was suspected to be a result of non-canonical 
internal loop pairing.   
 As noted in Section 1.3, this original heuristic model has remarkable predictive power, 
capturing over ~85% of the junction conformations observed in the PDB. The simplicity of the 
model unambiguously demonstrates the extent to which topological constraints limit RNA 
conformation. It also offers the advantage of being very computationally efficient, which in turn 
allows exhaustive enumeration over all theoretically possible (αh, βh, γh) conformations to 
quantify the allowed fraction. However, it is difficult to extend this model to study higher-order 
junctions, where, for example, it cannot be assumed that helices are linked by a stationary pivot. 
The use of only idealized helices may additionally obscure possible sequence dependencies of 
topological constraints.  
Alternatively, Sim and Levitt (199) recently developed a more scalable heuristic 
approach to explore the extent to which secondary structure limits molecular conformation in 
tRNA, the adenine riboswitch, and the TPP riboswitch. These molecules contain a four-way 
junction, a three-way junction, and both a three-way and two-way junction, respectively. In their 
approach, 3D conformations were randomly generated using a fragment assembly library while 
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enforcing native base pairing and ignoring attractive interactions. This circumvents the need to 
assume that helices are idealized and linked by pivots, but comes at the expense of convoluting 
biases of the fragment library with effects of topological constraints. Thus, while the authors 
observed that the ensembles of 3D conformations generated by their method were constrained, 
and in the case of tRNA and the adenine riboswitch, were intriguingly biased towards the native 
tertiary fold, it is difficult to unambiguously attribute these observations to topological 
constraints. Fragment assembly methods are also computationally expensive, presenting 
potential challenges for scaling to larger RNAs.  
 
1.5.2 Free energy methods 
Despite their advantages, heuristic models are limited by their inability to provide insight into the 
thermodynamic contributions of topological constraints. Free energy methods, namely molecular 
dynamics (MD) and Monte Carlo (MC) methods, provide a well-established and rigorous 
framework for exploring both the extent and thermodynamic contributions of topological 
constraints in complex RNAs (200,201). 
In MD and MC methods, a Hamiltonian (also known as a force-field) is used to represent 
the potential energy associated with a microscopic molecular configuration. According to the 
laws of classical statistical mechanics, thermodynamic quantities in the ensemble of interest can 
then be exactly computed by integrating over all the degrees of freedom of the system, 
collectively termed phase-space. Given the high-dimensionality of phase-space, solving this 
integral is intractable using standard methods. MC accomplishes this integration by averaging 
over an ensemble of molecular configurations generated by randomly sampling phase-space with 
a probability proportional to the Boltzmann weight (202). In MD, the molecule’s atoms are 
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assigned random velocities and the time-trajectory simulated using Newton’s equations of 
motion (203,204). Thermodynamic quantities can be then obtained by time-averaging over the 
MD simulation due to the ergodic hypothesis that time-averaging is equivalent to ensemble-
averaging. The primary thermodynamic quantity of interest in this dissertation is the free energy 
Gj associated with a macroscopic RNA conformation j (often a given (αh, βh, γh) conformation). 
In both MC and MD methods, Gj can be obtained through  
€ 
exp −GjkBT
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ =
1
N χ j i( )i
∑ ,                                 [1.5] 
where χj is the indicator function of j, and the sum is performed over all N members of the 
generated ensemble. In reality, calculating absolute free energies Gj accurately is both 
impracticable and unnecessary, and thus the difference in free energy ΔGj,k between j and some 
reference state k is reported. The other quantity of interest in this dissertation, the degree to 
which a molecule is constrained, can be obtained by calculating the total number of unique 
macroscopic conformations represented in the ensemble.  
While both MC and MD yield formally correct results, it is difficult for both methods to 
generate ensembles that sufficiently cover phase-space due to the expense of computing the 
Hamiltonian. Propagating the system through time presents particular challenges for MD 
simulations because low-energy molecular configurations are often separated by high-energy 
configurations, resulting in an energy barrier in phase-space that is infrequently crossed. A 
variety of methods, most notably temperature replica exchange (205), have been developed to 
help accelerate barrier crossing in MD simulations (206). By contrast, MC methods are not 
bound by time-continuity and thus in theory can sample on either side of an energy barrier 
without having to traverse the barrier. However, as the density of a molecular system increases, 
most regions of phase-space become disallowed due to steric collisions. Thus, the probability of 
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randomly generating a configuration with a non-zero Boltzmann weight becomes small, 
necessitating the use of complicated schemes to explore phase space efficiently (201). For this 
and other reasons, MD simulation is typically the method of choice for studying large molecules. 
Gold standard free energy methods use full atomic detail and a Hamilitonian 
parameterized from quantum mechanical calculations and other experimental information to 
model the system with as close to physical accuracy to possible. Multiple such all-atom models 
have been developed for RNA (207,208), and in principle these models could be adapted to 
study topological constraints. In particular, the all-atom Hamiltonian could be modified to 
eliminate attractive terms and electrostatics while introducing a scheme to enforce native 
secondary structure. Simulations could then be performed of an RNA subject only to the forces 
of its secondary structure topological constraints. However, the benefits offered by atomic-
accuracy are outweighed by the extreme computational expense that would be required to fully 
sample the conformational space of an RNA junction. Topological constraints are anticipated to 
primarily act on macroscopic scale, and thus microscopic detail is likely unnecessary.   
 An increasingly important alternative is coarse-grained (CG) models, which retain the 
free-energy framework of all-atom models but instead represent the system using a reduced 
number of ‘pseudoatoms’ (209). For example, a common approach is to represent each amino 
acid of a protein, or nucleotide of a nucleic acid, with a single pseudoatom. The Hamiltonian can 
either be derived from first principles or using a knowledge-based approach, and provides an 
intermediate approximation of the biomolecular free energy landscape. The advantage offered by 
CG models is greatly improved computational efficiency because simulation time generally 
grows as the square of the number of simulated atoms. Additionally, by smoothing the energy 
landscape, CG models accelerate the rate at which an MD simulation explores the free energy 
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landscape. Many coarse-grained models have been developed and successfully used to study 
various aspects of RNA folding (154,159,210-217). Notably, Chu et al. (169) used a multi-scale 
coarse-grained model for their studies of topological constraints in two-way junctions linked by 
PEG tethers; the PEG tethers were treated atomistically while the helices treated using several 
pseuodoatoms. Development of a coarse-grained model specifically designed to explore the 
contributions of topological constraints to RNA folding and dynamics is discussed further in 
Chapter 3.  
 
1.6 Dissertation objectives 
While recent studies by Bailor et al. (124) and Chu et al. (169) suggest that topological 
constraints encoded by junction secondary structure are important determinants of RNA 3D 
conformation and dynamics, many questions remain. In particular, the role of topological 
constraints in shaping the free energy landscape of both two-way and higher-order RNA 
junctions, and how this may influence tertiary folding and dynamics of complex RNA molecules, 
is unknown. In this dissertation, I first explore in greater detail the mechanism of action of 
topological constraints in two-way junctions, including their dependence on helix structure, 
connectivity, and non-canonical internal loop pairing. Then, with the aim of answering the 
question of what role topological constraints play in the folding and dynamics complex RNAs, I 
develop the TOPRNA coarse-grained molecular dynamics model to provide a scalable method 
for studying the contributions of topological constraints to the RNA free energy landscape. These 
contributions are explored in two-way junctions, followed by tRNA and variants thereof, and 
finally the large multiple-junction-containing Azoarcus Group I ribozyme. 
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Chapter 2: The Dependence of Topological Constraints on Helix 
Structure, Connectivity, and Non-Canonical Pairing 
 
This chapter has been adapted from the following publication: 
 
Mustoe, A. M., Bailor, M. H., Teixeira, R. M., Brooks, C. L. III, and Al-Hashimi, H. M. (2012) 
New insights into the fundamental role of topological constraints as a determinant of two-
way junction conformation. Nucleic Acids Research, 40, 892-904. 
 
 
2.1 Introduction 
Prior studies by Bailor, Sun, and Al-Hashimi (1) and the Herschlag group (2) have shown that 
two-way junctions impose steric and connectivity constraints that restrict the relative orientation 
of A-form helices. These constraints include interhelix steric clashes and connectivity constraints 
due to the finite length of the junction nucleotides linking the helices. Using a simple heuristic 
model that assumed canonical A-form helix geometry and a maximum inter-nucleotide distance 
of 4.9 Å, Bailor et al. showed that these constraints alone restrict the range of accessible inter-
helical conformations to between 4%-20%, and on average 7%, of the total interhelical 
conformational space (1). Despite this narrow range, the heuristic model accommodates ~85% of 
all interhelical conformations observed in all two-way junctions in the PDB, including bulges 
and internal loops (1). 
In this Chapter, we explore how various parameters of interest influence the topologically 
allowed space with the goal of developing a deeper and more predictive understanding of how 
two-way junctions encode 3D RNA conformation and dynamics. In particular, we examine how 
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the allowed conformational space varies with local variations in A-form helix geometry, the 
presence/absence of non-canonical base pairs at the junction, relative lengths of the 5’ and 3’ 
helices, and overall junction topology (bulge, symmetric and asymmetric internal loops). We 
also provide a firm quantitative basis for the well known yet poorly understood directionality of 
junction-induced bends as well as explain the origins of recently reported correlated variations in 
the inter-helical twist and bend angles observed across two-way junctions (1,3). Additionally, we 
survey the structures of symmetric and asymmetric internal loops and show that the resulting 
allowed inter-helical conformational space is accurately modeled by assuming that internal loops 
will maximize non-canonical base-pairing, marking a significant simplification in the link 
between RNA secondary and tertiary structure. Our results also uncover a new simple 
mechanism for coupling junction-induced topological constraints with tertiary interactions.  
 
2.2 Methods 
2.2.1 Computing topologically allowed inter-helical orientations 
We utilize the HiSXHjSY notation (1,4) to describe the topology of a two-helix junction where i 
and j specify the length of the 5’ and 3’ helices, respectively, and X and Y (X≥Y) denote the 
number of single stranded nucleotides in the 5’ and 3’ strands with the respective strands 
assigned in accordance to our prior conventions (1). For simplicity we refer to a junction 
topology in the Chapter as SXSY, with the values of i and j implied by context; junctions from the 
PDB possess i,j≥3, and in reference to our model, unless otherwise stated, i=j=4. For a structure 
of a given two-way junction topology the inter-helical conformation can be defined through the 
use of the three Euler angles needed to describe the orientation of the chiral helical objects with 
respect to one another.  As described in Chapter 1.4 and (1,5), these angles, denoted (αh, βh, γh), 
  45 
are obtained from the rotation matrix needed to transform the 3’ helix from its observed 
orientation to one where it is coaxially stacked upon its 5’ partner, and where αh and γh are 
interpreted as twists around the 3’ and 5’ helices and βh as an inter-helical bend angle. 
As described by Bailor et al. (1), this representation of inter-helical conformation can 
readily inverted to compute the sterically and connectivity allowed conformations. Briefly, an 
idealized A-form helix with helical axis oriented along the positive z-axis from 5’ to 3’ direction 
was divided into two sub-helices, denoted the 5’ and 3’ helices, and with the angle between the 
5’ helix closing base pair y-axis and the molecular y-axis, Th, set to 51.1° (5). The entire system 
was translated such that the first phosphorous atom belonging to the 5’ helix on the strand 
oriented along the negative z-direction from the 5’ to 3’ end was located at the origin, serving as 
the rotation pivot point.  A given (αh, βh, γh) inter-helical orientation was generated by applying 
the Euler rotation RZ(-γh) x RY(-βh) x RZ(-αh) to the 5’ helix while keeping the 3’ helix fixed, 
where RZ and RY refer to Euler rotations of an object about the Z and Y axis respectively (5).  
Rotations were performed for all non-degenerate (5) permutations of (αh, βh, γh) on a 5° grid. 
Conformations that resulted in inter-helix collisions, taken as an inter-helical atomic distance of 
<1.4 Å excluding hydrogen atoms and O1P and O2P atoms connected to the pivot P atom, were 
classified as sterically disallowed. If the distance between the last O3’ atom of the 5’ helix and 
first P atom of the 3’ helix at the division between the two helices on the strand opposite the 
pivot is greater than the linker cutoff of 7.26 Å per bulged nucleotide than the conformation was 
classified as connectivity disallowed. This corresponds to a cutoff of 7.26 Å, 14.52 Å, 21.78 Å, 
and 29.04 Å when calculating connectivity constraints for S1S0, S2S0, S3S0, S4S0 bulges 
respectively. The fraction of space allowed for a given junction is computed by dividing the 
number of allowed conformations by the number of unique (αh, βh, γh) permutations, 191,736.   
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2.2.2 Computing topologically allowed space with translational relaxation 
We computed the topologically allowed conformations when allowing for some degree of 
interhelix translation that may relieve interhelix steric collisions. Translational degrees of 
freedom were defined as deviations in the x, y, and z coordinates of a 3’ helix relative to the 
position of an idealized reference 3’ helix that has the same (αh, βh, γh) orientation. Analysis of 
crystal structures of S1S0, S2S0, S3S0, and S4S0 junctions in our database (see Section 2.2.5) 
revealed that these translational deviations are roughly isotropic in x, y, and z, centered near 0, 
and on average 
€ 
x2 + y2 + z 2 ≤2 Å. We therefore allowed 1-2 Å of translational freedom in each 
of the x, y, and z directions to be representative of that found in the PDB.  To simulate the effects 
that these extra degrees of freedom may have to relieve inter-helix steric collisions we modified 
our rotation protocol. As in the translation-free procedure, a rotation RZ(-γh) x RY(-βh) x RZ(-αh) 
is applied to the 3’ idealized helix, iHII, while keeping the 5’ helix, iHI, fixed. Following each 
rotation, iHII was translated by all combinations of -1, 0, and 1 Å in the x, y, and z directions for 
a 1 Å cut-off, or by all combinations of -2, -1, 0, 1, and 2 Å for a 2 Å cut-off.  This procedure 
captures >80% of the inter-helix translations observed in the PDB.  A given inter-helical angle 
was accepted provided one of the translations alleviated any existing steric collisions. 
Connectivity allowed conformations were taken to be the same those for the translation free case. 
 
2.2.3 Computing the topologically allowed space with non-idealized helices 
Eighteen 8-bp continuous helices of different sequences were chosen from junctions returned 
from a search of the RNA FRABASE (6) and were divided into 2×4-bp helices, named the 5’ 
and 3’ helices respectively (Table A.1). The helices were chosen such that all combinations of 
WC pairs and two GU wobble pairs were represented at the ‘junction’ between the two 4-bp 
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helices. To remove any inter-helical bends or twists the 5’ and 3’ helices of each 2×4-bp system 
were individually superimposed on top of their corresponding helices in the idealized A-form 
system used in the idealized topologically allowed computations. In cases where the pivot P 
atom was not located at the origin after the superpositions a translation was applied to both 5’ 
and 3’ helices such that the pivot was at the origin as desired. After these ‘non-idealized’ systems 
were prepared the same rotation procedure used for the idealized helices was used. 
 
2.2.4 Cylinder rotations 
An in-house Python script was used to generate two cylinders of diameter 17.5 Å, height 24 Å, 
and surfaces represented by a ~1.5 Å square mesh (distance between points was closer on 
cylinder ends). The chosen diameter of 17.5 Å corresponds to the distance between P(i) and 
O3’(j) across the idealized A-form helix in Watson-Crick base-paired residues i and j. The 
bottom cylinder axes were vectors originating at (8.75,0,-0.75) and (0,0,0) and running along the 
negative z direction for the bulge and center connected systems, respectively.  The top cylinder 
axes began at (8.75,0,0.75) for the bulge and (0,0,14.52) for the center connected systems and 
ran along the positive z direction. Orientations that resulted in mesh points from opposing 
cylinders being <1.5 Å apart were determined to be sterically disallowed. Connectivity 
constraints for the bulge-like system were implemented by requiring that the distance between 
the linker termini, (17.5,0,-0.75) and R(-γh,-βh,-αh) x (17.5,0.0.75), were less than 14.52 Å. The 
linker-length of the center-connected cylinder system is invariant across all rotations and is thus 
free of connectivity constraints.  
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2.2.5 PDB survey of two-way junctions 
A search of RNA two-way junctions was performed using the RNA FRABASE (6) on June 25, 
2010 for H3S1H3S0, H3S2H3S0, H3S3H3S0, and H3S4H3S0 bulge motifs; on July 27, 2010 for 
H3S1H3S1, H3S2H3S1, H3S3H3S1, H3S4H3S1, H3S2H3S2, H3S3H3S2, H3S4H3S2, H3S3H3S3, 
H3S4H3S3, and H3S4H3S4 internal loop motifs; and September 22, 2010 for all H6H6 helices (or 6-
bp continuous helices) as described previously (1). Inter-helical orientations for each identified 
junction were measured using in-house Perl scripts and the (αh, βh, γh) convention of Bailor et al. 
(1,5,7). Unless otherwise noted, angles for NMR structures were measured on the first model 
reported in the ensemble. The less than 2% of junctions identified by the RNA FRABASE whose 
flanking helices were >2 Å in backbone RMSD from idealized A-form, had a strand possessing 
all deoxyribose sugars, or had non-continuous chain connectivity at the junction were excluded 
from our analysis. Measured orientations are designated as falling within the topologically 
allowed space if the shortest distance between the (αhi, βhi, γhi) measured for conformation i and 
(αhT, βhT, γhT) for topologically allowed point T, 
€ 
d = αhi −αhT( )
2
+ βh
i − βh
T( )2 + γhi − γhT( )
2
, is 
<5°. Bulge-linker distances were calculated along the bulge strand between the O3’ atom of the 
5’ helix closing base pair and the P atom of the 3’ helix’s first base pair with an in-house Perl 
script (1).  
In-house Perl scripts were also used for the determination of the inter-helical translations 
of each junction by adapting the procedure used to determine inter-helical angles.  In obtaining 
the (αh, βh, γh) for a junction a reference helix, denoted iH2’, is superimposed on top of the 3’ 
helix and then this iH2’ is transformed to an orientation that is perfectly coaxially stacked upon 
the 5’ helix (5).  This transformation is done by first translating the center of mass of iH2’ to the 
origin, performing a rotation, and then translating the rotated iH2’ from the origin to its coaxially 
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stacked position. The difference between these first and second translations define a net 
translation of the center of mass of iH2’ from its coaxially stacked position. This measured net 
translation is composed of two terms, the movement of the center of mass due the rotation of the 
helix, and the deviation of the helix away from this ‘pure rotation’ position. We calculated the 
‘pure rotation’ position of a given (αh, βh, γh) by applying a rotation of (-γh, -βh, -αh) to the 3’ 
helix of an idealized, coaxially stacked helical system, and then determined the net translation 
incurred when transforming this ‘pure rotation’ conformation back to its original coaxially 
stacked state. The difference between the net translation measured for the PDB conformation and 
net translation of the ‘pure rotation’ conformation was taken as the translational deviation of the 
junction. 
 
2.2.6 FR3D analysis of internal loop motifs 
FR3D (Find RNA 3D) (8) pair wise interaction files that were available for PDBs within our 
database were downloaded from the FR3D website at 
http://rna.bgsu.edu/FR3D/AnalyzedStructures/PDB/PDB_interactions.html on August 23, 2010, 
where PDB is replaced with the name of the PDB structure of interest.  The interaction files were 
parsed with in-house Python scripts to search for base pairing and stacking interactions.  Bases 
were assigned as ‘looped-in’ if FR3D indicated that they possessed a stacking interaction with 
residues of either strand of the junction or with the bases comprising the closing base pairs of the 
flanking helices. The <2% of junctions without available FR3D files were excluded from the 
analysis. 
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2.2.7 Identification of tertiary interactions 
Intra-RNA tertiary interactions were indentified by searching the FR3D interaction files for 
pairing or stacking interactions between junction or closing base pair nucleotides and non-
junction nucleotides with an in-house Python script. Junctions without available FR3D files were 
by default classified as having tertiary contacts. A separate in-house python script was used to 
search for protein, ligand, and RNA tertiary interactions that were not identified by FR3D. PDB 
files corresponding to each junction in our database were searched exhaustively for any C, N, S, 
O, or P atoms within 4 Å of junction or closing base pair atoms while excluding atoms from the 
chain(s) containing the junction and all ‘HOH’ O atoms.  
 
2.2.8 Manual annotation of H3S≥2H3S2 junctions 
Crystal structures of H3S≥2H3S2 junctions within our database were sorted according to sequence 
and inter-helical angles.  Junctions with identical sequences and within an 11.5° distance in (αh, 
βh, γh) space were clustered together and assumed to have common features. One junction from 
each group was then manually inspected and each loop base was qualitatively classified as to 
whether it was non-canonically base paired, ‘near non-canonically paired’, or neither, and 
whether it was stacked into the junction. Base paired residues were defined as two bases from 
opposing strands having at least one hydrogen bond donor to acceptor distance of ≤3.6 Å and 
angle ≥125°. Near non-canonical base pairs were defined as two bases from opposing strands 
that were roughly coplanar and looped into the junction but did not possess clear hydrogen 
bonds. Tertiary contacts, defined as protein, ligand, crystal or other non-junction RNA hydrogen 
bonding contacts with any junction or closing base pair base (excluding backbone contacts) were 
also recorded. 
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2.3 Results and Discussion 
2.3.1 Sterics 
We performed an exhaustive search of the inter-helical conformational space accessible to a 
bulge by carrying out a series of rigid body rotations to two, four base-pair long, idealized A-
form helices.  In Figure 2.1B, we show the inter-helical orientations allowed after excluding all 
conformations that possess inter-helix steric clashes. The angles αh and γh, denoting the twists of 
the 3’ and 5’ helices about their respective helical axes, and βh, the inter-helical bend angle, are 
plotted as 3×2D projections of the 3D (αh, βh, γh) space of inter-helical conformations (5). Of the 
theoretically possible (αh, βh, γh) orientations (5), 53% are excluded by steric constraints alone. 
Visual inspection of the projections also reveals that the allowed orientations are asymmetric in 
αh and γh. Calculations using perfectly symmetric cylinders (Figure A.1) reveal that the 
asymmetry of the sterically allowed space arises from the inherent asymmetry and chirality of 
the helices.   
A notable consequence of the anisotropy of the sterically allowed space is that it encodes 
a specific directionality to any bending that occurs between the two helices (Figure 2.1C). Steric 
collisions between the closing base pairs of the two helices make it such that the density of 
accessible states is much greater for bends that correspond to movement of the 3’ helix into the 
space above the plane of the 5’ closing base pair and ‘away’ from the 5’ helix, rather than into 
the closing base pair plane and ‘towards’ the 5’ helix. This result provides a quantitative and 
simple explanation for the directionality of RNA and DNA bulge-induced bends (9-13).  
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Interestingly, the sterically allowed orientations are also dependent on helix length. While 
53% of conformations are excluded with 4-bp helices, the fraction excluded increases to 62% 
and 69% for 6-bp and 8-bp helices respectively and decreases to 49% with 3-bp helices. The 
steric constraints only depend on the length of the 5’ helix when the 3’ helix has >3 base pairs 
(Figure 2.1D). This can be attributed to the fact that the helices are asymmetric about the 
rotation origin (pivot P atom), which is located closer to atoms in the 5’ helix as compared to the 
3’ helix. As a result, elongation of the 5’ helix results in steric occlusion whereas the new 
volume occupied by elongation of the 3’ helix falls outside of the sphere swept by the 3’ helix. 
Thus, varying the length of the 5’ helix can in principle modulate the allowed inter-helical space.   
 
 
Figure 2.1: Sterically allowed inter-helical conformations  
(A) (αh, βh, γh) convention used to describe inter-helical orientations and (B) αh-γh, αh-βh, and γh-βh projections of 
the conformations allowed given the steric constraints. (C) Density of allowed conformations of the upper (3’) 
helical axis in relation to the fixed lower (5’) helical axis projected in the plane perpendicular to the lower helical 
axis. A cartoon of the relationship between a helix conformation and a projected point as well as the coordinate 
frame of the closing bp of the 5’ helix (14) in relation to the coordinate frame of the projection is shown for 
reference. (D) Fraction of (αh, βh, γh) space sterically accessible as a function of length of the 5’ and 3’ helices.  
 
 
  53 
The above steric model assumes an idealized A-form helix geometry. However, RNA 
helices can deviate from the canonical geometry and this in turn can affect the sterically allowed 
conformations. To examine these contributions, we computed the sterically allowed 
conformations when using 18 non-idealized 2×4 base-pair helices taken from the PDB (Table 
A.1). Each sequence had different closing base pairs at the site of the junction, one representative 
for each of the 16 unique canonical base pairs, and two sequences possessing a GU wobble pair 
at the junction. The fraction of sterically disallowed conformations varied between 35%-50% 
and on average 44% of the total space, in good agreement with 53% when using idealized A-
form helices. On average, 97% of the orientations that are allowed when using idealized A-form 
helices are also allowed when using non-idealized helices, whereas an average of 82% of the 
orientations sampled by the non-idealized helices are accessible to idealized A-from helices. 
Thus, local distortions in the helix geometry can slightly increase the space that can be sampled 
and allow access to otherwise sterically disallowed inter-helical conformations. 
 Our model also assumes that the two helices are fixed at the pivot point. However, some 
of the steric constraints can in principle be relaxed through translations of the helices relative to 
one another. Analysis of the bulge motifs within our structural database revealed that the average 
net translation from the origin is ≤2 Å.  If the sterically allowed space is recalculated with an 
allowance for ~1 Å translational relaxation the fraction of sterically allowed conformations 
increases from 47% to 68% and with ~2 Å to 80%. Studies that apply a more sophisticated 
treatment of the coupling between rotational and translational degrees of freedom are needed to 
clarify the significance of inter-helix translations in determining junction conformation. 
As a whole, these results suggest that steric constraints exclude 20-53% of the possible 
inter-helical orientations.  However, we emphasize that these values represent a lower bound to 
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the degree of steric confinement in RNA junctions. The heavy atom van der Waals diameter of 
1.4 Å used in our models is well below commonly accepted values of 3-4 Å. Inclusion of 
hydrogens and the solvation shell will also increase the effective van der Waals radii.  Finally, it 
is likely that electrostatic repulsion may serve to further narrow the space (15). 
 
2.3.2 Bulge connectivity constraints 
The set of conformations that are accessible to a bulge junction is also subject to connectivity 
constraints arising from the finite length of the bulged nucleotides linking the helices.  We 
approximate these constraints by requiring that the end-to-end distance between the last O3’ 
atom of the lower (5’) helix and the first P atom of the upper (3’) helix to be less than a given 
cutoff length. Bailor et al. previously used a bulge length cut-off equal to 4.9 Å per nucleotide, 
which was assumed to be the maximum length of a given residue (1). Here, we compute the 
average per bulge residue distance length for all H3S4≥X≥1H3S0 junctions within our database. The 
computed distribution is roughly Gaussian with a mean of 5.78 Å and a standard deviation of 
1.48 Å (Figures A.2, A.3).  In the new calculations, we use a cutoff of 7.26 Å per bulged 
nucleotide, or the mean plus one standard deviation, which accommodates 84% of the per-
nucleotide bulge lengths found within the PDB. With the distance cut-off the connectivity 
constraints alone exclude 95%, 83%, 62%, and 31% of the possible orientations for S1S0, S2S0, 
S3S0, S4S0 bulges, respectively (Figure 2.2A).   
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Our analysis does not account for intra-linker and linker-helix steric clashes. As a first 
estimate of the impact of such steric effects, we identified orientations where the line segment 
drawn between the O3’ and P atoms (the linker termini) was less than 2 Å from either helix and 
within 2 Å of the cutoff distance, meaning a bulge connecting the two termini would have no 
alternative path. This analysis suggests that 0%, 1%, 2%, and 4% of the connectivity allowed 
conformations may be inaccessible due linker-helix steric overlaps for S1S0, S2S0, S3S0, and S4S0 
motifs respectively. When considering both steric and connectivity constraints, as discussed in 
 
 
Figure 2.2: Connectivity allowed inter-helical conformations.  
(A) The set of conformations allowed given the connectivity constraints of one (light grey), two (dark grey), and 
three (black) bulged nucleotides, where the allowed conformations for i number of bulged nucleotides include those 
for i-1, i-2, ...1 bulged nucleotides. (B) The percentage of (αh, βh, γh) orientations that are connectivity allowed as a 
function of effective helix diameter for a linker cutoff of one (black), two (red), three (green), four (blue), five 
(orange), or six (magenta) bulged nucleotides.  The effective linker diameter of an A-form helix, 17.5 Å, is marked 
with a vertical dashed line.  (C) The number of S1S0 (black), S2S0 (red), S3S0 (green), S4S0 (blue), S5S0 (orange), and 
S6S0 (magenta) structures in PDB.  
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greater detail in following sections, 0%, 2%, 8%, and 11% of the S1S0, S2S0, S3S0, and S4S0 
allowed conformations are estimated to contain linker-helix steric overlaps. 
The connectivity constraints, and their variation with bulge length, depend critically on 
the ratio of the per-nucleotide length of the bulge, which is determined by the backbone 
structure, to the helix diameter, as determined by base-pair structure. In Figure 2.2B, we plot the 
results of a derived mathematical relationship (Appendix A.1, Figure A.4) that relates the set of 
accessible (αh, βh, γh) angles to the number of bulged nucleotides and the ‘helix’ diameter. At the 
effective diameter of the A-form helix, increasing the number of bulged nucleotides results in 
incremental increases in the size of the allowed space up to five nucleotides, above which there 
are no connectivity constraints. However, for a hypothetically smaller helix diameter, there are 
fewer, more coarsely spaced putative levels. Conversely, there are greater, more finely space 
levels for larger helix diameters, underlining the unique tunability of RNA junction conformation 
that is endowed by RNA’s chemical structure.  
A strong prediction of Figure 2.2B as well as the computed topologically allowed space 
is that while the accessible space increases with bulge length, it plateaus at five nucleotides. This 
prediction is in general agreement with the FRET experiments of Gohkle et al (16) where the 
FRET efficiency between probes located at the ends of the two helices increased as the number 
bulged nucleotides increases from one to five but then changes very little for bulges that are 
seven and nine nucleotides long. Additionally, gel electrophoresis experiments also indicate a 
convergence to a common electrophoretic mobility for bulges that are longer than six nucleotides 
(10,17,18). Interestingly, a search of bulge motifs in PDB with the RNA FRABASE (6) reveals a 
marked scarcity of bulges with greater than five nucleotides (Figure 2.2C). This suggests that 
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bulges primarily play the role of tuning the inter-helical orientation and there is rarely reason to 
have bulges >5 nucleotides long.  
 
2.3.3 Interhelical correlations 
A notable feature of Figure 2.2A is that the inter-helical angles do not vary independently of one 
another; rather we observe two linear correlations, one positive and one anti, in the αh-γh 
projection. Thus, each helix can only twist about its axis a certain amount, generally determined 
by the length of the linker, before the other helix must compensate with a correlated twist or 
bend to maintain linker connectivity (Figure A.5). This codependence can be attributed to the 
unique topology of the nucleic acid two-way junction where the helices are linked at two 
positions around the helix circumference. By comparison, an artificial system in which helices 
are connected through a single, centrally located linker exhibits no correlations between αh and 
γh (Figure A.1).  
The source of this correlation can be found in the mathematical relationship linking the 
linker-length, L, to the fixed helix diameter, D, and the applied (αh, βh, γh) rotation 
transformation (Appendix A.1, Figure A.4): 
€ 
L2
D 2 = 2− 2cos(α h )cos(βh )cos(γ h )+ 2sin(α h )sin(γ h )        [2.1] 
A derivative of [2.1] with respect to an arbitrary time, t, while maintaining a constant inter-
helical bend, βh, and constant linker-length, shows that changes in αh must be offset by 
corresponding changes in γh through the equality  
      [2.2] 
highlighting the interdependence of these quantities. In the proper limits, [2.2] reduces to 
! 
d" h
dt =
sin(" h )cos(#h )+ cos(" h )cos($h )sin(# h )
%cos(" h )sin(# h ) % sin(" h )cos($h )cos(# h )
d# h
dt
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€ 
dα h
dt = ±
dγ h
dt             [2.3]
 
and changes in αh, which denotes a twist of the 3’ helix, must be exactly offset corresponding 
changes in γh, or twist of the 5’ helix, and explaining the positive and negative αh-γh correlations 
in Figure 2.2A.   
Generally, we do not expect βh and linker length to remain fixed; rather all variables will 
be sampling values throughout their allowed range. Under this scenario, αh and γh are no longer 
directly correlated as a change in αh or γh could be offset by a change in the linker length or βh. 
However, the limited range of the linker length and a limited βh range due to steric constraints 
ensure that the system will experience the αh-γh constraints, giving rise to on-average correlated 
movements of the two helices as has been previously observed from experiment (1,3). These 
correlations will be particularly strong in junctions with smaller bulges where the range of 
accessible linker lengths and βh’s is more significantly restricted.  
 
2.3.4 Union of bulge connectivity and sterics 
The full range of accessible inter-helical conformations is restrained by both connectivity and 
steric constraints. In Figure 2.3A we show the intersection of both of the spaces. Visual 
comparison between Figure 2.2A and Figure 2.3A reveals that sterics and connectivity exclude 
distinct parts of conformational space. For the case of S1S0 and S2S0 bulges, 95% and 83% of the 
space is disallowed when considering connectivity alone, yet when combined with the steric 
constraints, 98% and 95% respectively of the space is excluded. While the connectivity 
constraints are symmetric, this symmetry is broken through the imposition of the steric 
constraints.  Conspicuously, the negative αh-γh correlation for the S1S0 and S2S0 bulges 
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disappears and the range of accessible βh angles decreases; this implies that bends that maintain 
or shorten the distance between the two closing base pairs, and therefore preserve a short linker 
length, are precluded due to steric collisions, whereas bends that result in an opening of the space 
between the pairs, and are accessible to bulges with longer linker lengths, are not. 
Nevertheless, this picture of the topological constraints is incomplete – A-form helices 
themselves possess intrinsic orientational degrees freedom that are independent of the constraints 
imposed by the bulge.  Analysis of all coaxially stacked 2×3 bp helices, or all continuous 6-bp 
helices, in the PDB revealed that the (αh, βh, γh) values for these systems varied with -
 
 
Figure 2.3: Union of steric and connectivity constraints 
 (A) Plane projections of the set of interhelical conformations satisfying both the steric and connectivity constraints 
for one (light grey), two (dark grey), or three (black) bulged nucleotides, where allowed conformations for i number 
of bulged nucleotides are inclusive of those for i-1, i-2, ...1 bulged nucleotides. (B) Projections of the total 
topologically allowed space, obtained by taking the union of that in (A) with those conformations accessible to 
continuous helices and an additional 5° error. Interhelical conformations measured for 728 H3S1H3S0, 160 H3S2H3S0, 
65 H3S3H3S0, and 10 H3S4H3S0 crystal structure junctions in the PDB are plotted in red, green, blue, and orange 
respectively.   
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20≤ζ=αh+γh≤20 and -25≤βh≤35 (Figure A.6). To obtain a complete topologically allowed space 
we take the union of those conformations that satisfy either these constraints or those calculated 
for the bulge topology of interest with an additional 5° in each angle added to the bounds of this 
space.  This 5° padding accounts for the errors inherent in the measurement of an arbitrary (αh, 
βh, γh) angle from the PDB as well as for capturing conformational states that may be accessible 
due to deviations from idealized A-form helical structure. 
To test our framework we measured how well we could capture the conformations found 
in the PDB. In Figure 2.3B we plot the predicted allowed conformations overlaid with 
conformations measured for the 963 non-GU closing base pair crystal structure junctions in our 
database. Table 2.1 summarizes the results for the both the fraction of PDB structures that fall 
within the predicted idealized allowed space, and the fraction of possible (αh, βh, γh) states that 
the space is confined to.  It is remarkable that our model samples as little as 5% of the allowed 
space, and on average 18%, and yet is able to accommodate 100% of all known bulge structures.  
These results compare favorably to our prior study (1) where the topologically allowed space 
was confined to 4%, 8%, 14%, and 20% of possible states for S1S0, S2S0, S3S0, and S4S0 motifs 
 
Bulge 
type 
Fraction of PDBS 
sampled (total) 
Idealized  
(αh, βh, γh) allowed 
Range of non-ideal  
(αh, βh, γh) allowed (mean) 
Translation (αh, βh, γh) 
allowed (w/o 5° err) 
S1S0 1.0 (728) 0.048 0.047-0.055 (0.049) 0.062 (0.028) 
S2S0 1.0 (160) 0.094 0.090-0.10 (0.098) 0.14 (0.093) 
S3S0 1.0 (65) 0.19 0.20-0.24 (0.22) 0.33 (0.23) 
S4S0 1.0 (10) 0.37 0.38-0.45 (0.42) 0.61 (0.49) 
 
Table 2.1: Statistics of the bulge topologically allowed space 
Fraction of crystal structures that fall within the predicted topologically allowed space for non-GU closing base pair 
crystallographic RNA junctions identified with the RNA FRABASE (6) and fraction of total unique (αh, βh, γh) 
permutations allowed for the idealized, non-ideal, and idealized with translation helical systems.  Topologically 
allowed spaces represent the intersection of the sterically and connectivity allowed spaces with the addition of the 
(αh, βh, γh) accessible to a continuous helix and 5° error padding in each angle. 
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respectively, accommodating ~84% of 1195 cryo-EM, NMR, and crystal structure junctions. The 
differences in the degree of confinement for the larger bulge sizes are a function of the longer 
linker length used in the current model (7.26 Å vs. 4.9 Å per nucleotide). 
While we have focused on X-ray structures in the above analysis, 100% and 97% of the 
73 cryo-EM and 58 NMR junctions without GU closing base pairs, respectively, fall within the 
predicted region (Figure A.7). The two NMR outliers (19) are from the same set of experimental 
restraints and have αh βh γh angles 12° and 16° away from the closest predicted allowed point. A 
MolProbity (20) analysis of the structures revealed that there are significant steric clashes and 
deviations from accepted stereochemistry at the site of the S3S0 junction in question, suggesting 
that structural inaccuracies may be the cause of this disagreement. We also excluded junctions 
containing GU closing base pairs due to their propensity to induce significant local distortions to 
the base pairing geometry. Stand alone analysis of all 899 GU-containing junctions showed that 
87% fall within our predicted ranges, where those falling outside are on average 9° from the 
nearest predicted point (Figure A.7). This suggests that sequence induced helix distortions can 
play a role in modifying the topologically allowed space. Indeed, 100% of the junctions 
containing GU pairs fall within at least one of two allowed distributions generated from non-
idealized GU closing base pair sequences. However, it should be noted that comparison between 
these distributions and the idealized derived distribution share the majority of their points.   
An interesting observation of Figure 2.3B is that certain regions of the allowed space are 
rarely, if ever, sampled in the PDB. This includes conformations where helices bend into each 
other along the major-groove face, which likely leads to unfavorable electrostatic effects. Further 
refinement of the model with incorporation of electrostatic interactions and larger van der Waals 
radii, as mentioned above, would likely reveal that such states are largely inaccessible. 
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2.3.5 Dynamic properties of the bulge topologically allowed space 
Prior studies of two-way junction motifs suggest that these systems are highly dynamic on the 
nanosecond to microsecond timescales (3,21), and in the case of HIV-1 TAR (1,22), roughly 
sample the entire topologically allowed space. If bulge systems are in fact sampling the entire 
topologically allowed space one would expect an ensemble average over all conformations to be 
similar to that observed from experiments with sensitivities less than these timescales.  
Remarkably, if we assume each conformation is equally weighted and calculate the ensemble 
average bend, or |βh|, expected from the topologically allowed space, we obtain a result that 
closely replicates the values Zacharias and Hagerman (17) obtained for polyA and polyU bulges 
using transient electronic birefringence (Figure 2.4A). These values are also in agreement with 
estimates from FRET measurements of RNA of Gohkle et al. (16) and in qualitative agreement 
with studies performed on DNA (16,23,24). A corollary to these results is that the bent state is 
entropically favored for longer loops. Disregarding the conformational preferences of the loop, 
there is a significant entropic penalty to forming bent states (|βh|>~60) for S1S0 and S2S0 bulges, 
while the opposite holds true for SX≥3S0 bulges, where forming a coaxial stack (restricting 
|βh|<~35) is disfavored (Figure 2.4B). Thus, the varying conformational preferences of different 
junction topologies can be attributed to secondary structure encoded modulation of the 
topologically allowed space. 
 
2.3.6 Structural survey of internal loop conformations 
Bailor et al. (1) previously showed that the behavior of asymmetric internal loops can be 
explained by transforming a given internal loop into a reduced bulge representation. This is 
achieved by maximizing stacking and non-canonical base-pairing between residues in the 
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internal loop. This ‘reduced’ bulge motif is subject to the characteristic topological constraints, 
but with the addition of Y base-pairs inserted into the junction. By assuming that each inserted 
base-pair results in a change in αh+γh = -34°, the twist of the A-form helix, one could readily 
generate the allowed space for asymmetric internal loops by shifting the αh and γh of the reduced 
bulge set of topologically allowed conformations by Y*-17°. This simple model was able to 
explain the observation that the (αh, βh, γh) measured for asymmetric internal loops mirrored the 
distribution found in bulges with systematic shifts in αh and γh. 
To investigate this assumption of maximum stacking of internal loop residues, we used 
the FR3D (8) nucleic acid structure analysis software to probe the conformation of nucleotides 
inside internal loops. Analysis of our PDB library consisting of crystal structures for all S1S1, 
S2S1, S3S1, S4S1, S2S2, S3S2, S4S2, S3S3, S4S3, and S4S4 junctions obtained from the RNA 
FRABASE (6) reveals a clear preference for bases in the Y strand to loop into the junction 
(Figure 2.5). Moreover, in >90% of the cases where all Y bases are looped in, at least an 
 
Figure 2.4: Dynamic properties of bulges encoded by topological constraints 
 (A) The inter-helical bend angle for N bulged nucleotides for poly-A (dashed black) and poly-U (dashed red) RNA 
bulges as measured by Zacharias and Hagerman (17) in the absence of Mg2+, and |βh| averaged over the total 
topologically allowed space as a function of N bulged nucleotides. (B) Populations of topologically accessible 
conformations as a function of |βh| for S1S0 (black), S2S0 (red), S3S0 (green), S4S0 (blue), and S5S0 (orange) bulges. 
The inset shows the fraction of structures from the PDB with coaxial (|βh|<35°), semi-bent (35°≤|βh|≤60°), or bent 
(|βh|>60°) conformations for 1253 S1S0 (black), 487 S2S0 (red), 238 S3S0 (green), 15 S4S0 (blue), and 14 S5S0 
(orange) junctions. 
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equivalent number of X strand bases are looped-in as well (filled bars of Figure 2.5). 
Interestingly, the majority of the loops that do not adopt fully looped-in conformations are 
directly involved in tertiary interactions (see Section 2.2.7). Manual examination of the 
structures that were not fully looped-in and did not have a tertiary contact revealed that all were 
either influenced by crystal contacts or appeared to be missing coordinates where a protein 
would be located. 
As hypothesized from the observations of Bailor et al (1), we expected that not only 
would the junctions adopt fully looped-in conformations, but that the looped in bases should 
form non-canonical base pairs that propagate the flanking helices.  To examine what fraction of 
looped in bases form non-canonical base pairs we hand annotated all S2S2, S3S2, and S4S2 
 
 
Figure 2.5: Analysis of non-canonical pairing in internal loops 
 (A) Fraction of looped-in Y strand bases determined from FR3D (8) analysis of internal loops for H3SX≥1HsSY=1, 
H3SX≥2HsSY=2, H3SX≥1HsSY=3, and H3SX=4HsSY=4 junctions. Black bars represent all structures within our database for 
which FR3D analysis files were available and red represent the subset of these structures identified as not having 
tertiary interactions.  The degree to which the rightmost bars (fully looped-in conformations) are filled represents the 
fraction of those structures that have at least Y number of looped-in bases on the X strand. Results represent 474 
[135] S1S1, 468 [97] S2S1, 194 [1] S3S1, 168 [6] S4S1, 315 [103] S2S2, 341 [77] S3S2, 23 [4] S4S2, 631 [74] S3S3, 165 
[32] S4S3, and 153 [5] S4S4 motifs where [ ] denote the number structures without tertiary interactions.  (B) The 
number of non-canonical and near non-canonical base pairs observed in all H3SX≥2HsS2 crystal structures obtained 
through a manual annotation of structures.  The fraction of structures with 0, 1, or 2 pairs is plotted for S2S2 (solid), 
S3S2 (dashed), and S4S2 (open) motifs in black, with the subset of those structures free of tertiary contacts shown in 
grey. There are 323 [97], 349 [46] and 23 [3] S2S2, S3S2, S4S2 motifs respectively, where [ ] denote the number of 
motifs without tertiary contacts. 
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junctions. The results revealed that >80% of the junctions exhibited a maximum number of non-
canonical base pairs or near non-canonical base pairs, which we define as cases when bases from 
opposing strands were looped into the junction and roughly coplanar but did not appear to form 
clear hydrogen bonds (Figure 2.5B). Results for the fraction of bases looped-in obtained from 
this annotation closely resemble those from FR3D (data not shown). Comparable to the results of 
Figure 2.5, the fraction of structures with two non-canonical or near non-canonical pairs 
increases to 97% when we only consider structures without tertiary interactions. Of the four 
outliers where we do not observe maximal pairing and which do not have tertiary interactions, 
two show maximal pairing in other structures reported of the same junction. Of the remaining 
two, one is located at the surface of the ribosome and we believe, given the level of disorder of 
the junction nucleotides, may be experiencing the influence of tertiary interactions not reported 
in the coordinate file, and the other is bound in close proximity by a protein and under 
considerable tensile stress. We also note that when removing junctions with tertiary interactions 
only three H3S4H3S2 junctions remain, one of which is a candidate for having unreported tertiary 
interactions, making it impossible to draw conclusive findings for this particular motif. 
 
2.3.7 Internal loop topologically allowed space 
The results from our structural survey motivate the assumption that the junction residues will 
fully loop in and maximize non-canonical base pairs. Thus, the topologically allowed space for a 
SXSY motif is identical to that for a SX-YS0 motif shifted by Y*-17° in αh and γh to account for the 
additional twist of Y non-canonical pairs. In the case of symmetric internal loops, SXSX motifs 
reduce to S0S0 motifs and are subject to the same constraints on (αh, βh, γh) that we observed for 
continuous helices in the PDB (Figure A.6). With the correction for the additional twist of -17° 
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in both αh and γh per X non-canonical base pairs, the SXSX allowed space contains all (αh, βh, γh) 
satisfying -25≤βh≤35 and -20-34*X≤(αh+γh)≤20-34*X on a 5°-grid, with an additional 5° in each 
dimension to account for alignment errors and translational degrees of freedom. 
As shown in Table 2.2, this model is able to capture the significant majority of 
conformations observed within the PDB.  When tertiary interactions are excluded, the fraction of 
PDB conformations sampled is largely 100%, where the exceptions are crystal structures that 
have crystal packing interactions at the junction, or are very disordered junctions that appear to 
be missing protein or other coordinates in close proximity to the junction site.  
Examination of the tertiary contact free cryo-EM (cEM) internal loop junctions shows 
that 89% of 75 junctions fall within our predicted region. Of the eight outliers, seven are from a 
de novo cEM-docked model of the ribosome built before a complete crystal structure was 
available (25), and the other is a cEM-docked homology model of an rRNA segment whose full 
crystal structure possesses extensive protein interactions (26). Analysis of 83 tertiary contact free 
NMR internal loops revealed that 85% of the NMR structures agree with our predictions, where 
outliers were on average ~10° from the nearest allowed conformation.  This decrease in 
performance is a result of outlier junctions adopting conformations that are not fully non-
canonically or near-non-canonically paired, or, when paired, propagating with the helical twist 
that is significantly different than -34°. While it is certainly possible that the more flexible RNAs 
characterized through NMR adopt conformations not in agreement with our predictions, we note 
that ten of the twelve outliers, and all of those >10° outside, are structures solved without the use 
of residual dipolar coupling (RDC) restraints.  As recently shown by Summers and colleagues 
(27) these structures are particularly reliant on the force field (and any deficiencies found 
therein) used in the structure refinement. That these outliers may be due to structural 
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inaccuracies is also supported by MolProbity (20) analysis showing that each outlier suffers from 
steric violations and/or deviations from standard backbone angle stereochemistry around the site 
of the junction (data not shown). Finally, we note that analysis of the entire structural ensemble 
of each outlier showed that, expect for one molecule (28), at least several, and on average ~40%, 
of the reported structures fell within the allowed space, demonstrating that experimental 
constraints are not precluding agreement with our model. 
We note that Bailor et al. previously approximated the symmetric loop case using the set 
of allowed conformations for a S1S0 bulge system that was shifted by -17° in αh and -17° in γh 
per looped base (1). This approximation achieves similar results as those above, but fails to 
provide a physical model for its success.  The reason for this agreement is because of significant 
overlap between the two allowed distributions – approximately 50% of the points are the same.   
Combined, the results of our structural surveys and the success of our internal loop 
predicted topologically allowed space strongly argues for a ‘reduced’ bulge model of internal 
loops in the absence of external tertiary contacts. This view represents a significant 
simplification in the link between secondary and tertiary structure and suggests an additional 
level of constraints that may be incorporated in modeling RNA 3D structure from secondary 
structure (29). In particular, these constraints could be implemented in the de novo prediction of 
smaller RNAs (30,31) that do not possess long-range tertiary contacts, significantly reducing the 
conformational space that must be searched and thereby limiting computation time. The 
topologically allowed space might also be useful as a global orientation restraint in the 
refinement of NMR structures. Finally, in larger RNAs where tertiary contacts are expected to be 
present, such constraints could be implemented as a function of the proximity of sequence-
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distant RNA to the internal loop in question; on close approach the constraints would be relaxed, 
allowing greater conformational freedom. 
 
2.3.8 Interplay between tertiary interactions and topologically allowed conformations  
Recent studies (2) have put forth the idea that topological constraints can act to preferentially 
select for the formation certain tertiary contacts over others, thereby providing a mechanism for 
secondary structure control of RNA folding and 3D structure. Intriguingly, our results suggest 
that there may be another dimension to the relationship between the secondary structure encoded 
conformational space and tertiary interactions. An implication of Table 2.2 is that tertiary 
interactions can modify the topologically allowed space by looping out junction residues from 
their default, maximally non-canonically paired conformation. Thus tertiary interactions can 
affect the global conformation of RNA by modifying the topological constraints encoded by 
junctions. Several examples of tertiary contacts significantly modifying the conformation of an 
internal loop can be found in the literature.  Most dramatically, the S2S2 motif of the L11 protein 
binding site in the 23S rRNA shifts from a fully non-canonically paired conformation to one 
 
Junction type PDBs sampled (total) PDBs w/o tert. contacts sampled 
(total) 
(αh, βh, γh) allowed 
S1S1 0.99 (482) 1.00 (135) 0.041 
S2S2 0.79 (323) 0.99 (103) 0.041 
S3S3 0.94 (641) 1.00 (74) 0.040 
S4S4 0.97 (155) 0.60 (5) 0.039 
S2S1 1.00 (482) 1.00 (97) 0.048 
S3S2 0.99 (349) 0.96 (77) 0.047 
S4S3 0.26 (165) 0.56 (32) 0.046 
S3S1 0.95 (198) 1.00 (1) 0.093 
S4S2 1.00 (23) 1.00 (4) 0.092 
S4S1 1.00 (170) 1.00 (6) 0.19 
 
Table 2.2: Statistics of the internal loop topologically allowed space 
The fraction of internal loop motifs that fall within the predicted topologically allowed space, for all crystallographic 
junctions indentified with the RNA FRABASE (6), the subset of those junctions without tertiary interactions, and 
the fraction of the total (αh, βh, γh) conformations predicted as allowed. 
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where a base distal in sequence from the junction inserts to the middle of the junction and is 
stabilized by interactions with L11 (32,33), with similar behavior observed for closely related 
mutants (34).  In the process, the junction is shifted from within the topologically allowed space 
to >45° outside. Also from the ribosome, the UAA/GAN internal loop is significantly perturbed 
from its fully non-canonically paired conformation in the free state when bound by proteins (35-
37).  Examples of RNA tertiary contacts modifying internal loop conformation can be found in 
the GAAA receptor of Tetrahymena ribozyme P4-P6 domain (28,38), and stem A and stem B of 
the hairpin ribozyme (39-41).  In some cases, downstream structure may also act to stabilize 
transient deviations from what would otherwise be a fully looped-in internal loop conformation, 
consistent with behavior of the J5/5a hinge of the Tetrahymena ribozyme in its folded and 
unfolded states (38,42-44). It is well known that internal loops serve as important sites in protein 
binding and intra-RNA tertiary interactions (45-48), and that their sequence-specific ability to 
recognize their binding partners plays a crucial role in stabilizing specific RNA 3D folds 
(46,49,50). However, that these tertiary interactions, once formed, may in fact be also enabling 
the molecule to sample new, otherwise inaccessible inter-helical conformations could offer a 
new paradigm to understanding RNA folding.  
 
2.4 Conclusions 
In this Chapter, we refined the rigid-body heuristic models developed by Bailor et al. (1) to 
provide a more detailed understanding of the role that topological constraints play in governing 
two-way junction conformation. Our results demonstrate that sterics play a predominant role in 
encoding both the anisotropy and limited size of the topologically allowed space, constraining 
two-way junctions to <47% of their theoretically possible interhelical conformations states.  
Connectivity constraints further limit the number of allowed states in a tunable manner, and are 
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responsible for giving rise to correlations between the twists of the two junction helices. When 
steric and connectivity constraints are combined, our refined heuristic model predicts that two-
way junctions are limited to <5-40% of their theoretically possible 3D conformations. 
Significantly, 100% of the interhelical bulge conformations observed in PDB crystal structures 
that do not have GU closing base pairs are accommodated within our predicted topologically 
allowed space. Furthermore, the interhelical bend averaged over the topologically allowed space 
closely matches the interhelical bend measured experimentally in different bulge constructs in 
the absence of Mg2+. Collectively, these results affirm the importance of topological constraints 
as a determinant of bulge conformation.  
In this Chapter we also explored the dependence of topological constraints on properties 
such as deviations from ideal A-form structure of the junction helices, potential translational 
degrees of freedom possessed by the helices, and steric constraints posed by the bulge linker. We 
demonstrate that each of these properties has the potential to modify the topologically allowed 
space. Interhelical translations in particular can allow helices to access many conformations that 
would otherwise be sterically forbidden. Notably, variations in sequence and particularly the 
presence of GU base pairs at the junction can also allow bulges to access otherwise forbidden 
conformations.  
Finally, an extensive survey of internal loops in the PDB provides strong supporting data 
for the previous assumption by Bailor et al. (1) that internal loops adopt fully non-canonically or 
near non-canonically paired conformations. This finding justifies that internal loops can be 
reduced to bulges, and thus experience the same topological constraints as bulges with a simple 
adjustment for the twist added by the intervening non-canonical pairs. Interestingly, this survey 
also reveals that long-range tertiary interactions can modify the topologically allowed space by 
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modifying internal loop pairing, providing a potential mechanism for transducing the formation 
of a tertiary interaction into a conformational change elsewhere in an RNA molecule. 
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Chapter 3: Development of TOPRNA and the Contributions of 
Topological Constraints to Bulge Conformational Free Energy 
 
This chapter has been adapted from the following publication: 
Mustoe, A. M., Al-Hashimi, H. M., and Brooks, C. L. III. (2014) Coarse Grained Models Reveal 
Essential Contributions of Topological Constraints to the Conformational Free Energy of 
RNA Bulges, Journal of Physical Chemistry B, 118, 2615-2627. 
 
 
3.1 Introduction 
The studies of Chapter 2 affirmed the importance of topological constraints in limiting two-way 
junction conformation (1). However, they also highlighted how features such as non-ideal helical 
structure, interhelical translations, and steric constraints posed by the single-stranded bulge 
linker may modify the topologically allowed space. Our heuristic models cannot easily capture 
these properties of RNA junctions. More significantly, our heuristic models are poorly suited for 
studying the potential thermodynamic contributions of topological constraints. Notably, the 
multi-scale stochastic dynamics studies by Chu et al. (2) on PEG-linked DNA helices indicated 
that topological constraints destabilize certain junction conformations by more than 5 kcal/mol. 
Topological constraints can be reasonably expected to make similar contributions to the 
conformational free energy landscape of RNA bulges. Finally, it is ultimately our goal to 
characterize the topological constraints of higher-order junctions, and those in RNAs containing 
multiple junctions. The simplifications inherent to our heuristic models, namely that interhelical 
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motions are limited to pivoted rigid-body rotations, make them impractical for studying more 
complex junctions. Thus, it is desirable to develop a new method that can more accurately model 
topological constraints, provide thermodynamic information, and which can be readily scaled to 
study arbitrarily complex RNA systems.  
Many computational tools have been developed that can potentially satisfy these 
objectives. All-atom molecular dynamics methods (3,4), and hybrid methods thereof (5,6), offer 
the highest degree of physical accuracy but are difficult to scale to large systems due to 
computational expense. Coarse-grained (CG) molecular dynamics methods represent a good 
compromise (7). Existing CG approaches include: the NAST (5) and YUP (8) models, which use 
one pseudo-atom to represent each nucleotide; the three pseudo-atom models of Thirumalai and 
coworkers (9,10), Dokhoylan and coworkers (11,12), and Chen and coworkers (13); the five 
pseudo-atom models of Levitt and coworkers (14) and Ren and coworkers (15); and the six to 
seven pseudo-atom HiRE-RNA (16) model. However, none of these CG models are ideally 
suited to study topological constraints. Notably, one pseudo-atom models cannot fully capture 
the stereochemical constraints of the RNA backbone. Higher resolution CG models generally 
allow breaking of secondary structure pairs and include the full suite of RNA forces; while more 
realistic, these complexities can make it difficult to isolate effects of topological constraints 
which are dependent only on secondary structure. Moreover, many of these CG models are 
implemented as specialty codes, which presents development challenges. 
In this Chapter, we introduce a new CG model, TOPRNA (TOPological modeling of 
RNA), which is implemented in CHARMM (17). TOPRNA uses a three pseudo-atom per 
nucleotide representation similar to that used in preexisting CG models (9,11,13,18), but 
otherwise differs in that its sole design purpose is to isolate the effects of topological constraints 
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on RNA structure. Nucleotides participating in canonical base pairs are permanently bonded 
together and parameterized to maintain helical structures, but all other nucleotides are treated as 
freely rotatable chains. In addition, attractive interactions involving single-stranded nucleotides 
and electrostatics are ignored. Thus, biases from non-topological-constraint energy terms are 
minimized and only negligible energy barriers separate alternative conformations. This approach 
is similar to that employed by the NAST (5) and YUP (8) models, though these models use one 
pseudo-atom per nucleotide representations and are primarily optimized for structure prediction 
applications. 
As a first application, we use TOPRNA to reevaluate the role of topological constraints in 
two-way junction bulge motifs. Through extensive simulations, we corroborate our findings in 
Chapter 2 while demonstrating that the greater physical accuracy of TOPRNA captures new 
aspects of the topological constraints on bulges. Significantly, we also demonstrate that 
topological constraints encode complex free energy landscapes that appear to play a central role 
in dictating the 3D conformation and dynamics of bulges.  
 
3.2 Materials and Methods 
3.2.1 Model development 
TOPRNA uses three pseudo-atoms to represent the phosphate (P), sugar (S), and base (B) 
moieties of each nucleotide (Figure 3.1) (9,11,13,18). The B pseudoatom was taken as a 
positional average of a base’s cyclic nitrogen and carbon atoms; the S pseudoatom an average 
over the C1’, C2’, C3’, C4’, C5’ and O4’ atoms; and the P pseudo-atom as the phosphorus atom. 
Given a user-input secondary structure, base-paired nucleotides are permanently bonded together 
and contiguously paired regions are parameterized to adopt A-form helical structure. By contrast, 
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all nucleotides not in AU, GC, or GU pairs are left without backbone dihedral potentials and are 
freely rotatable (Figure 3.1B). Backbone dihedrals that link distinct helices are also freely 
rotatable (Figure 3.1B). All electrostatic interactions are ignored, and aside for a small attractive 
interaction only experienced between base-paired B pseudo-atoms (see below), all attractive 
interactions such as stacking or hydrogen bonding of single-stranded nucleotides are ignored. 
  
 
 
 
 
Figure 3.1: Outline of the TOPRNA model 
 (A, B, C) A secondary structure element is shown according to its ladder cartoon, and in 2D and 3D TOPRNA 
representations. In (B), circular arrows denote freely rotatable bonds, thick solid lines with small open circles denote 
permanent base pair bonds with an accompanying ‘M’ filler pseudo-atom, and dashed lines denote improper 
dihedral angles used to maintain helical twist. (D) The adenine Pi-Si bond potential is shown as a representative 
harmonic potential. Black and grey lines indicate the different potentials used for base-paired and single-stranded 
nucleotides, respectively, following the observation that these bonds exhibited strong and weak harmonic potential 
behavior at short and large deviations. Two different potentials were also used for angles involving this bond, but 
other bonds and angles were assigned the same K regardless of base-pairing status. (E) The Si-Pi+1-Si+1-Pi+2 dihedral 
potential placed between sequentially paired residues i and i+1 is shown as a representative example. The dashed 
line indicates the original cosine series fit to the statistical potential, with the solid line indicating the final TOPRNA 
potential after the K’s obtained from the original fit were uniformly doubled. Statistical potentials were calculated by 
binning every 0.01 Å and 3.6° for bonds and dihedrals, respectively, with unpopulated bins excluded, and are shown 
using open circles in (D) and (E). 
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We implemented TOPRNA in CHARMM (17) using the standard CHARMM potential 
.    [3.1] 
Nucleic-acid-like geometry between pseudo-atoms is maintained through the application of 
bond, angle, and S-pseudo-atom chiral center improper torsion potentials to each nucleotide. The 
helical conformation of base-paired nucleotides is maintained by dihedral potentials placed along 
the backbone and across the base-pair bond (Figure 3.1). Potential parameters were derived from 
fits to statistical potentials constructed through Boltzmann conversions at 300 K 
,         [3.2] 
where Pv(x) is the probability of a structural parameter v having a value of x (Figure 3.1). Basic 
connectivity and geometry parameters, as well as backbone dihedrals for base-paired 
nucleotides, were derived from fits to the RNA05 structural database (19). Base-pairing specific 
parameters were derived from fits to a database comprising the 6,677 4-base-pair continuous 
helices returned by an RNA FRABASE (20) search performed on May 28, 2010.  
Backbone bond and angle potentials, b0 and θ0, were set as the RNA05 database mean 
values and Kb and Kθ were manually chosen to allow a range of motions consistent with that 
exhibited by the statistical potentials (Figure 3.1D). The Pi-Si bond and angles involving this 
bond exhibited stiffer and weaker harmonic potential behavior at small and large deviations 
(Figure 3.1D). Given that the minimum of these potentials corresponded to helical 
conformations, we assigned the stiff potential to base-paired nucleotides postulating that they 
should be confined to values near the helical minimum. Conversely, we assigned the weaker 
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harmonic to single-stranded nucleotides, allowing them to adopt the full range of conformations 
observed in the database. All other K of a given bond or angle type are invariant with respect to 
nucleotide-identity or base-pairing status. While b0 and θ0 were set on a nucleotide-specific basis, 
they vary by only <~0.6 Å and <~10° respectively. The improper potential applied to the S 
pseudo-atom chiral center was given parameters of ω0=30° and Kω=3.5 kcal/mol/radian2 for all 
nucleotide types.  
Base-pairs (AU, GC, and GU) were implemented by placing bond, angle, and dihedral 
potentials directly between paired B pseudo-atoms. Bond and angle parameters were determined 
as above using our helix database. Dihedrals across the base-pair bond, of type Si-Bi-Bj-Sj, were 
treated as n=1 cosines, with Kϕ and δ determined through fits to the statistical potentials using the 
Algorithm::CurveFit module of Perl; Kϕ of all pairs were later increased to 5 kcal/mol to increase 
helical rigidity (see below). Dihedrals of type Pi-Si-Bi-Bj were found to be harmonic, and 
parameterized as weak impropers (ω0 set to the helical-database means and Kω=0.5 
kcal/mol/radian2).  
The helical conformation of contiguous base pairs was enforced through backbone 
dihedral potentials of type Bi-Si-Pi+1-Si+1 and Si-Pi+1-Si+1-Pi+2 that were placed between base-
paired nucleotides i and i+1. An improper dihedral, indicated by the dashed lines in Figure 3.1B, 
is also placed between consecutive base pairs. As emphasized above, none of these potentials are 
applied to single-stranded nucleotides or to regions that serve as pivots between distinct helices 
(Figure 3.1). The ω0 and Kω of the improper were derived from our helical-database consistent 
with the procedure used for other harmonic potentials. The two backbone dihedrals were 
parameterized as four-term cosine series fit to RNA05-derived statistical potentials as above. Si-
Pi+1-Si+1-Pi+2 potentials were treated as residue-type independent and were derived from statistics 
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combined from all RNA05 trinucleotide sequences (Figure 3.1E). Kϕ was later uniformly 
doubled for all backbone potentials to increase helical rigidity (Figure 3.1E). The need for these 
increases, along with those of the Kϕ of the base-pair bond dihedrals mentioned above, is likely 
due to two factors: cosine series cannot capture the full steepness of the A-form helix energy-
well; and for the backbone dihedrals, the statistical potentials were derived from a mix of both 
helical and non-helical conformations, causing them to overestimate helical flexibility.  
Electrostatics were eliminated by setting all charges to 0 and non-bonded van der Waals 
(VDW) interactions were only considered between pseudo-atoms separated by four or more 
bonds. These interactions were truncated at 8 Å using a switching function turned on at 6 Å. 
VDW parameters were uniformly assigned with εijmin=0.01 kcal/mol, which effectively 
eliminates attractive VDW energies but also reduces the repulsive component of these potentials. 
Thus, Rimin/2 (Rijmin=Rimin/2+ Rjmin/2) were obtained as the values that produced a repulsive 
energy of Uvdw≈0.6 kcal/mol at radial distances approximating the shortest radial dimension of 
the chemical moiety being represented. For example, Rimin/2 was set to 4.0 Å for P pseudo-
atoms, which produces a repulsive energy of Uvdw≈0.6 kcal/mol at a radius of 2.7 Å. While this 
parameterization fairly approximates sugar and phosphate moieties, it does a poorer job of 
capturing the oblong steric profile of bases. For single-stranded nucleotides, this simply means 
that TOPRNA provides a lower bound approximation of the steric constraints on RNA. 
However, for paired nucleotides this decreased steric profile results in a ~2 Å steric gap between 
the paired B pseudo-atoms that in rare cases allowed helices to interpenetrate one another. To 
prevent such behavior we placed a fourth filler pseudo-atom (termed M) in parallel to the base-
pair bond of paired bases. M pseudo-atoms were parameterized to be collinear with and at the 
midpoint of their respective B-B bonds, with Kb and Kθ set to values ~10% of those used for the 
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B-B bonds and angles, and with VDW radii approximating 1 Å. This parameterization ensures 
that M pseudo-atoms minimally affect the dynamics of the base-pair bond, serving only to fill the 
steric gap. 
As an exception to default non-bonded parameters, attractive VDW interactions were 
placed between the B pseudo-atoms of base-paired nucleotides to simulate intra-helix stacking 
using the CHARMM NBFIX functionality. We reiterate that these interactions are not 
experienced by single-stranded nucleotides. For two helical B pseudo-atoms of nucleotide types 
X and Y, εijmin was set to the most negative of the ΔG°37 measured for either an unpaired X 
stacking 3’ to a paired Y or an unpaired Y stacking 3’ to a paired X (21). These εijmin ranged in 
value from -0.1 kcal/mol to -1.7 kcal/mol. Rijmin was determined by computing the average 
5’3’ and 3’5’ distances between the B pseudo-atoms of stacked X and Y nucleotides from 
our helical database, choosing the minimum of these two values, and subtracting 0.15 Å (which 
was found to produce more A-form consistent helices). While these attractive interactions 
minimally affect inter-helical stacking across a junction, on some rare occasions two helices 
would form non-physical interactions between their major grooves, mediated by extensive 
favorable B-B pseudo-atom interactions. Selective increases in the Rijmin of interactions between 
M atoms and the S and P pseudo-atoms of base-paired nucleotides to effective radii of ~5 Å and 
~6.5 Å, respectively, and increases of the Rijmin between two M pseudo-atoms to ~3 Å, 
successfully prevented the formation of these conformations. 
Dynamics simulations were performed by assigning pseudo-atom masses to the sum of 
the represented moiety’s heavy atom masses and using the Langevin equation integrated with a 
20 fs time step and 5 ps-1 friction coefficient.  
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3.2.2 Benchmarking simulations of TOPRNA helical parameterization 
12-nucleotide (nt) random sequence hairpins were constructed such that stem base pairs had a 
20% and 80% probability of being a GU or WC pair, respectively. Initial coordinates were 
obtained by first initializing the sequences as linear single-stranded chains containing both 5’ and 
3’ P pseudo-atoms. A short simulation was then run in the presence of backbone dihedral and 
distance restraints that forced the stem nucleotides to adopt a helix-like conformation. This was 
followed by a removal of the restraints, addition of the base-pair bonds, M pseudo-atoms, and 
other associated pairing potentials, and then minimization of the system. Simulations of HIV-1 
and HIV-2 TAR molecules were initialized from coordinates built from the first member of the 
NMR-MD ensembles (22). The A22•U40 base pair at the top of TAR helix 1, which is unstable 
in the NMR-MD ensemble, was excluded from later analyses. Both hairpin and TAR dynamics 
simulations were performed for 100 ns at 300 K, recording conformations every 200 ps. 
The RMSD of the generated helices from idealized A-form structure was computed by 
aligning base-paired S and P pseudo-atoms to a TOPRNA representation of an idealized A-form 
helix (23), excluding the 5’-most P pseudo-atom of each stem strand. The helical twist of 
TOPRNA base-pair steps was determined by adapting a previously developed all-atom 
procedure (24): for two sequential base pairs, i and i+1, the rotation transform that brings the B 
and S pseudo-atom coordinates of i into concordance with the B and S pseudo-atoms of i+1 was 
computed and related to the base-pair steps’ local parameters of twist (ω), bending (Γ), and 
bending phase-angle (φ) through 
.        [3.3] 
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The local parameters were then used to determine the helical twist Ωh through 
.       [3.4] 
Rz and Ry are rotations about the x and y axes respectively.  
 
3.2.3 Bulge simulations 
Bulge motifs were constructed from the random sequences specified in Table B.1 and initialized 
as single linear chains with a 3-nt linker connecting the two strands. Similar to the hairpins 
above, temporary restraints were used to fold the chains into helical structures, after which 
appropriate base-pair bonds, M pseudo-atoms, and other associated potentials were added and 
the linker nucleotides deleted, leaving trailing 3’ and 5’ P pseudo-atoms on both strands for 
symmetry. Initial coordinates for the no-connectivity systems were obtained by deleting the B, S, 
and P pseudo-atoms of the bulged nucleotide of the 1-nt systems. Two independent temperature 
replica exchange (TREX) simulations, each comprising 100,000 exchanges, were run using three 
replicas spanning 300 to 400 K with 1,000 steps of dynamics separating exchange attempts. The 
low temperature conformations of each simulation were combined to achieve a total of 200,000 
exchanges of sampling for each sequence, and 2,000,000 exchanges for each bulge. TREX 
simulations were performed through the MMTSB replica exchange server (25), with 100,000 
cycles of TREX requiring ~10 wall and ~30 CPU hours. 
Protocols described in Chapters 1-2 were used to measure Euler angles, (αh, βh, γh), that 
describe the inter-helical angle of each bulge conformation (23). Alignments were done to a 
TOPRNA representation of an idealized helix (23) using the P and S pseudo-atoms of the bulge-
helices’ three base pairs, excluding the 5’-most P pseudo-atoms of each strand; these 5’ P 
pseudo-atoms lack dihedral potentials and are not confined to A-form-consistent conformations. 
! 
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Measured angles were rounded to their nearest 10° grid increment and the fraction of total angles 
that were sampled was computed as previously described (23). Comparisons to our prior models 
were done by only considering the rigid-body predicted angles that were increments of 10° (26).  
 Free energies (ΔGtopo) of different inter-helical conformations were computed from our 
simulations using the equation 
€ 
ΔGitopo = kBT ln Pmax Pi( ).          [3.5]  
Pi is the probability of the inter-helical angle i being sampled for a given a bulge type, and was 
computed by counting number times the angle was sampled over 2,000,000 REX cycles at 300 K 
and then dividing by 2,000,000. Pmax is the maximum over all Pi of a given bulge and T is the 
temperature, set to 300 K. 
 
3.2.4 Comparisons to PDB bulges 
The set of inter-helical angles observed in the PDB was obtained by querying the RNA 
FRABASE (20) for all X-ray and NMR RNA structures containing two helices of at least 3-bp 
connected by 1 to 6-nt bulges. The searches were performed on September 20, 2012 and done in 
accordance with our earlier procedures (26). Each bulge was converted to a TOPRNA 
representation and its inter-helical orientation measured as described above. Conformations were 
counted as ‘sampled’ if they were ≤10° from the nearest TOPRNA sampled grid point (23).  
ΔGtopo estimates for PDB inter-helical conformations were obtained by averaging the 
TOPRNA sampling probabilities (Pi in equation 5) of all grid points within a 10° radius of the 
PDB-measured angle. Grid points not sampled by TOPRNA were included in the average by 
setting their Pi = 0. This average, <Pi>, was then substituted for Pi equation 5. This averaging was 
done to account for the ~10° errors associated with measuring inter-helical angles (23), and for 
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the steep changes in ΔGtopo across grid points. Analysis of the 525 PDB bulges with ΔGtopo > 2.5 
kcal/mol was done by clustering the bulges according to sequence and similar inter-helical 
angles and then manually examining several representatives from each cluster for RNA tertiary, 
protein, or crystal contacts. Contacts were defined as a heavy atom distance ≤3.5 Å. 
 
3.2.5 Energy Analysis of Rigid-Body Model Predicted Conformations 
2-nt, 3-nt, and 4-nt TOPRNA bulge systems were constructed according to same methods as that 
used for the equilibrium simulations, using sequences of 5’GCG(U)XCGC and 5’GCGCGC for 
the two strands. These systems share the same base pairs as the idealized helix used in our 
previous rigid-body calculations, with (U)X indicating a poly-U bulge of X-nts. Molecular 
scaffolds possessing each of the rigid-body predicted (αh, βh, γh) conformations were also built 
for each bulge system by performing the necessary rotations to 6-bps of a TOPRNA 
representation of an idealized A-form helix, as described previously (26,27). The bulge systems 
were then targeted to the scaffolds by applying RMSD restraints to the P and S atoms of the 
base-paired residues with a force constant of 200 kcal/mol/Å2 and performing 2 ns of dynamics 
at 300 K. After minimization, the energy of the bulge systems was evaluated, excluding the 
energetic contributions of the harmonic restraints. We note that (αh, βh, γh) of the rigid-body 
topologically allowed spaces that were added as error padding or for the intrinsic flexibility of A-
form helices were not considered in this analysis given their speculative nature (26). 
 
3.2.6 Measuring TOPRNA-predicted RDCs 
Residual dipolar couplings (RDCs) report on the average orientation of individual RNA bond 
vectors with respect to the NMR external magnetic field (28,29). Given an ensemble of 
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structures {X}, the average RDC 〈Dnm〉 of the inter-nuclear bond vector between atoms n and m 
can be calculated as  
,    [3.6]  
where γn is the gyromagnetic ratio of nucleus n, rnm is the inter-nuclear distance, Skl are the order 
tensor elements describing the global alignment of the molecule, and αk is the angle of the bond 
vector with respect to the k-th axis of the molecular frame (30). Skl were set equal to the 
experimental values obtained for either the HI or HII elongated helices of domain-elongated 
TAR and assumed to be independent of molecular conformation (31,32). {X} was obtained by 
performing the necessary inter-helical rotations (26) to two idealized helices of the same 
sequence as TAR for all inter-helical angles sampled by TOPRNA. The subsequent ensemble 
averages were weighted according to the TOPRNA populations. 
 
3.3 Results and discussion 
3.3.1 TOPRNA accurately models A-form helical structure and dynamics 
To verify that the TOPRNA force field generates helices possessing correct A-form structure we 
performed simulations of 400 different 4-base-pair (bp) helices capped by 4-nucleotide (nt) 
hairpin loops and compared the structural characteristics of these helices to that observed in the 
PDB (Figure 3.2). Both the RMSDs of the helices from idealized A-form structure and helical 
twists fall within the range of values observed in the PDB (Figure 3.2). The few helices 
possessing mean RMSDs greater than one standard deviation above the PDB mean contained at 
least one GU base pair, consistent with these pairs’ ability to induce helical distortions (33,34). 
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We also examined the ability of TOPRNA to reproduce the dynamic behavior of helices 
in solution by comparing TOPRNA simulations of HIV-1 and HIV-2 TAR RNAs to previously 
constructed NMR-MD dynamic ensembles of these molecules (22). Built by using residual 
dipolar coupling (RDC) NMR measurements to select high-confidence structures from all-atom 
molecular dynamics (MD) simulations, these ensembles provide the most accurate available 
picture of the thermodynamic ensemble of states populated by RNA helices (22). Shown in 
Figures 3.2 and B.1, TOPRNA helices are slightly more idealized over those observed in the 
NMR-MD ensembles, but overall exhibit close agreement in helical twist and idealized A-form 
RMSD distributions. Combined, these results demonstrate that TOPRNA accurately captures 
both the structure and dynamics of RNA helices. 
 
 
 
Figure 3.2: Simulations confirm TOPRNA’s ability to reproduce A-form helical behavior 
(A, B) The means and standard deviations of helical parameters measured for simulations of 400 random-sequence 
4-bp hairpins are shown as red points and grey bars. Solid and dashed horizontal lines indicate the means and 
standard deviations of these parameters measured from our database of PDB helices. The helical twist values in (B) 
have been averaged over the three hairpin base-pair steps.  (C, D) The distribution of helical parameters measured 
from TOPRNA simulations (solid lines) and the NMR-MD dynamic ensemble of HIV-1 TAR (dashed lines) (22).  
Parameters were measured for the first five base pairs of the lower helix (black) and the four base pairs of the upper 
helix (red), and the populations of the helical twist parameters represent distributions over both different 
conformations and base-pair steps. 
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3.3.2 TOPRNA analysis of topological constraints in bulge junctions 
As the first application of TOPRNA we set out to further characterize the topological constraints 
that govern two-way junction bulge motifs. In Chapter 2 using our heuristic idealized rigid-body 
rotation models, we demonstrated that these motifs are strongly topologically confined to a small 
subset of inter-helical conformations (26,27). However, necessary approximations made by these 
heuristic models, such as neglecting the volume-excluding properties of single-stranded bulge 
nucleotides, have obscured a complete understanding of the role that topological constraints play 
in dictating bulge conformation. 
Through extensive simulations of model junctions comprising two, 3-bp helices 
connected by bulges of 1 to 4 nts in length, we utilized TOPRNA to achieve unprecedented 
sampling of the set of interhelical conformations accessible to different bulge motifs (Figure 
3.1A). For completeness, each of the different bulge types was simulated using 10 different 
randomized sequences for 200,000 cycles of temperature replica exchange, generating a total of 
2,000,000 different conformations per bulge. Then, employing the (αh, βh, γh) Euler angle 
convention (Figure 3.3A), where αh and γh represent the twists of the two helices and βh the 
inter-helical bend (23), we quantified the sampled inter-helical conformations and compared 
them to our prior results. 
As shown in Figures 3.3 and B.2, these simulations reveal strong agreement with the 
heuristic models. Not only do the sampled regions largely overlap (Table 3.1), but also the finer 
contours of these regions, such as the linear correlation among αh and γh (26), are duplicated in 
both models (Figure 3.3, B.2). Both models also sample similar magnitudes of the inter-helical 
conformational space (Table 3.1). Thus, TOPRNA provides an independent corroboration of the 
significance of topological constraints in RNA structure. 
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Figure 3.3: TOPRNA simulations of bulges reproduce the topologically allowed space.  
(A) Cartoon of the (αh, βh, γh) convention used to quantify interhelical conformations, shown using an artificial 
junction between two idealized helices. A possible path of the single-stranded bulge is drawn in yellow. (B, C) 2D 
projections of the (αh, βh, γh) sampled by TOPRNA (grey), observed in the PDB (red), and predicted to be allowed 
by the Chapter 2 heuristic model (black outlines), are shown for 1-nt and 3-nt bulges, respectively. 
 
 
 
 
 
Bulge Fraction of total 
(αh, βh, γh) sampled 
by TOPRNA 
(heuristic)a 
Fraction of 
TOPRNA 
(αh, βh, γh) overlap 
with heuristicb 
Fraction of heuristic 
(αh, βh, γh) overlap with 
TOPRNAc 
Fraction of PDB 
conformations 
sampled by TOPRNA 
(heuristic)d 
1-nt 0.075 
(0.053) 
0.61 
 
1.0 1.0 
(1.0) 
2-nt 0.11 
(0.097) 
0.72 
 
0.95 0.99 
(0.79) 
3-nt 0.15 
(0.20) 
0.81 
 
0.80 1.0 
(0.99) 
4-nt 0.20 
(0.38) 
0.81 
 
0.53 1.0 
(0.93) 
 
Table 3.1: Comparison between TOPRNA and heuristic model topologically allowed spaces 
aDue to rounding (αh, βh, γh) to a 10° vs. 5° grid the heuristic fractions differ slightly from that reported in Chapter 2. 
bThe fraction of TOPRNA sampled conformations that are found within the heuristic idealized-helix topologically 
allowed space.  
cThe fraction of heuristic idealized-helix topologically allowed conformations sampled by TOPRNA, excluding 
conformations that were added to the heuristic-predicted allowable conformations as estimates of error padding or 
“intrinsic helical degrees of freedom”. 
dComparisons were done to a total of 1853, 705, 347, and 30 PDB structures of 1, 2, 3, and 4-nt bulge systems, 
respectively.  
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3.3.3 Non-idealized helical behavior allows sampling of new inter-helical conformations 
Despite the overlap between the two models, important differences do exist. 19-39% of the 
TOPRNA sampled conformations correspond to ‘new’ states that were not predicted by the 
heuristic models, with the 1 and 2-nt TOPRNA bulges sampling 40% and 10% more of the (αh, 
βh, γh) conformational space, respectively (Figures 3.3, B.2, Table 3.1). In contrast, the 3 and 4-
nt simulations sample 25% and 50% fewer conformations. To resolve the physical significance 
of these differences we examined the ability of the models to capture the distribution of (αh, βh, 
γh) observed among the bulge junctions in the PDB. Strikingly, TOPRNA samples 99.9% of the 
PDB (αh, βh, γh) compared to 94.8% achieved by the heuristic models (Figure 3.3, B.2, Table 
3.1). Furthermore, the single PDB conformation not sampled by TOPRNA, the 2-nt bulge of 
PDB 4ERD (35), is only 11° from the nearest TOPRNA sampled angle (distances of ≤10° count 
as ‘sampled’), whereas it is 31° outside of the rigid-body topologically allowed space.  
The increased sampling of PDB-observed conformations indicates that the new 
conformations sampled by TOPRNA are physically relevant. In Chapter 2 we found that 
deviations in helical structure, particularly those associated with bulges possessing GU closing 
base pairs, could modify the steric interactions of a junction and thus make new inter-helical 
conformations accessible. Indeed, the 5.2% of PDB junctions not captured by the rigid-body 
models either possess GU closing pairs or correspond to the 4ERD or four earlier identified 
NMR outliers in Chapter 2. Hypothesizing that TOPRNA is capturing such deviations in helical 
structure, we compared the newly TOPRNA sampled (αh, βh, γh) to topologically allowed spaces 
built in Chapter 2 from non-idealized helices; ~70% corresponded to conformations also found 
in these ‘non-ideal’ allowed spaces. Analysis of the variances in sampling exhibited by the 
different TOPRNA simulated sequences further demonstrates that these arise from sequence-
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dependent variations in helical structure; each TOPRNA sequence samples 100% of the PDB 
conformations that share its same junction-closing base pairs (excluding the 4ERD outlier), but 
only 88-100% of the PDB conformations possessing different closing pairs. Therefore, even 
though the composition of the (αh, βh, γh) sampled by different sequences differs by only ~14% 
on average, with the varying angles typically no more than 12° outside of the set of (αh, βh, γh) 
sampled by other sequences, these differences can be important in shaping a bulge’s 
topologically allowed space. 
In Chapter 2 we also noted that translational motions between the helices of a junction, 
which are not captured by the rigid-body model, had the possibility of dramatically increasing 
the number of conformations accessible to bulge motifs. Comparison between these previously 
predicted translation-mediated conformations and the newly TOPRNA-sampled (αh, βh, γh) 
revealed that translations explain an additional 7% of the new sampling, with these 
conformations typically no more than ~20° outside of the allowed spaces predicted by the 
heuristic model. Thus, while TOPRNA does capture such motions, they appear to be relatively 
insignificant. 
Together, helix non-ideality and translational motions explain ~80% of the new 
conformations sampled by TOPRNA, demonstrating that the model captures these degrees of 
conformational freedom. On average, the other 20% are within ~24° of the rigid-body 
predictions. Determining the physicality of these unexplained conformations requires a fully 
atomistic model and is outside the scope of this work. We note that even if all are non-physical, 
the small number of these conformations (<10% of the total sampled by TOPRNA) makes it 
unlikely that they will introduce significant errors to our analysis. 
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3.3.4 Topological constraints on bulges exceed prior estimates  
As mentioned above, the 3 and 4-nt TOPRNA bulge simulations sample significantly fewer 
overall inter-helical conformations than predicted by the heuristic models, yet still capture 100% 
of the conformations found in the PDB. This indicates that the constraints on these systems are 
much greater than previously estimated. As TOPRNA explicitly models the geometry and sterics 
of bulge-comprising single-stranded nucleotides whereas the rigid-body models ignored these 
constraints (26,27), this result is not unexpected. Determination of the TOPRNA energies of the 
rigid-body-predicted but ‘TOPRNA-unsampled’ (αh, βh, γh) conformations confirmed that these 
states are precluded due to elevated energies that primarily arise from bulge-nucleotides (see 
Section 3.2.5, Figure B.3).  
An important consequence of these greater constraints is that a bulge’s topologically 
allowed space continues to increase in size across a broad range of bulge-lengths. In Chapter 2, 
we had predicted that a 5-nt bulge had sufficient length to enable sampling of all sterically 
possible (αh, βh, γh) conformations. However, TOPRNA simulations of 5, 6, and 7-nt bulges 
using the same procedures as described above revealed this prediction to be incorrect. The 
additional steric and stereochemical constraints of the bulge-nucleotides in TOPRNA limit even 
7-nt bulges to ~2/3 of the (αh, βh, γh) space that is accessible to junctions that do not have 
‘bulge’-strand connectivity (Figure 3.4). Thus, though few if any RNAs in the PDB possess 
junctions containing bulges of length >6 nt (20), in theory such longer bulges could be important 
in allowing RNAs to access conformations that would be forbidden to shorter bulges. 
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3.3.5 Topological constraints explain the distribution of conformations sampled by 
polypyrimidine bulges at low salt concentrations 
In Chapter 2 we showed that ensemble averages over the topologically allowed space reproduce 
both the experimentally measured magnitude and directionality of bulge-induced bends, 
suggesting that topological constraints may be responsible for the behavior of these systems. 
Evidenced by the similar anisotropies of the TOPRNA and rigid-body topologically allowed 
spaces (Figure 3.3, B.2), TOPRNA also captures the directionality of bulge-induced bends. 
Ensemble averages over the length of our simulations also reproduce the experimentally 
measured magnitude of these bends, matching, to approximately within experimental error, the 
mean bend measured for flexible polyU bulge systems in the absence of Mg2+ (Figure 3.5A) 
(36). Furthermore, our simulations reproduce the experimental observation that the magnitude of 
bulge-induced bends plateaus and then decreases as the bulge increases past 6-nts in size  
(Figure 3.5A) (37). However, this agreement does not hold for 1-nt bulges or for polyU bulges 
in the presence of Mg2+ (Figure 3.5A). PolyA bulges also exhibit larger bends than polyU and 
TOPRNA bulges, and have different Mg2+-dependent behavior than polyU bulges (36).  
 
Figure 3.4: The fraction of interhelical space sampled by TOPRNA bulge simulations 
The fraction sampled by TOPRNA and the Chapter 2 rigid-body heuristic model is shown in black and gray, 
respectively. “No conn.” denotes a bulge-like junction that lacks bulge-strand connectivity. 
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We suggest that the above observations can be explained through the following model. At 
low salt concentrations, electrostatic repulsion between helices cancels out otherwise favorable 
inter-helical stacking interactions. For polyU bulges, which lack strong intra-bulge stacking, this 
results in a highly dynamic state that is largely governed by topological constraints and 
approximated by TOPRNA. Higher salt concentrations screen this repulsion and thus promote 
inter-helical stacking that is ignored by our simulations. The lower conformational entropy of the 
unstacked state of 1-nt bulges also stabilizes stacking at low salt. By contrast, the alternative 
 
Figure 3.5: TOPRNA bulge simulations reproduce experimental properties of bulge motifs.   
(A) |βh| averaged over TOPRNA simulations (black) and over the heuristic model predicted allowed spaces (gray) 
for different bulge motifs is plotted next to the bend angles measured by transient electronic birefringence for polyU 
(red) and polyA (blue) bulges in the absence (solid line, filled circles) and presence (dashed line, open circles) of  
Mg2+ (36). Error bars denote experimental error (36). “No conn.” denotes a bulge-like junction that lacks 
connectivity in its bulge-strand. (B) HIV-1 TAR, HIV-1 TARGC, and HIV-2 TAR secondary structures. RDCs from 
nucleotides shown in gray were excluded from the RDC analysis. (C, D, E) HIV-1 TAR, HIV-1 TARGC, and HIV-2 
TAR experimental RDCs versus values computed from either 3-nt or 2-nt TOPRNA bulge simulations (31,32). In 
(C), red and gray points correspond to RDCs from helix I and helix II TAR elongations, respectively. N-H bond 
vectors were excluded from all RDC analysis.  
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behavior of polyA bulges arises because stronger stacking interactions between the bulged 
adenines stabilize highly bent conformations at all salt concentrations (36). 
Significantly, the above model is also consistent with the behavior of HIV-1 TAR, a 
biologically important 3-nt polypyrimidine bulge that has been extensively characterized by 
NMR and other methods (Figure 3.5B) (22,31,38-41). These studies have shown that TAR 
exists in an equilibrium between a dynamic unstacked state that populates a broad range of inter-
helical conformations and a coaxially stacked state. At low Na+ and Mg2+ concentrations TAR is 
predominantly unstacked, with increases in salt progressively stabilizing the stacked state but not 
altering the nature of the unstacked ensemble (40). Small molecule binding or selective 
mutations to the closing base pairs of the junction can also stabilize stacking (31,32). To further 
test our hypothesis that TOPRNA approximates the behavior of polypyrimidine bulges at low 
salt we thus assessed the ability of our simulations to reproduce atomic-level NMR RDC 
measurements made on TAR at such conditions (31). We note that RDCs are ideal for such a test 
as they depend strongly on the entire distribution of populated (αh, βh, γh) conformations (31,42). 
Remarkably, ensemble averages over the (αh, βh, γh) sampled by our 3-nt bulge simulations yield 
RDCs that match the experimental values to a root-mean-square-difference (RMSD) of 5.2 Hz 
(Figure 3.5C; see Section 3.2.6). This value is comparable both to the uncertainty associated 
with the experimental RDCs (~4 Hz) and to that of the all-atom NMR-MD ensemble mentioned 
earlier that was specifically optimized for its agreement with a superset of these RDCs 
(RMSD=4.8 Hz) (22). It is also substantially better than the ~15 Hz RMSD obtained when 
averaging over the non-optimized 80 ns MD-simulation source of the NMR-MD ensemble (22). 
By contrast, TOPRNA does a poor job of approximating the RDCs measured on TARGC, a 
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mutant with strengthened inter-helical stacking interactions that stacks even at low salt (RMSD = 
14.5 Hz; Figure 3.5B, D) (32).  
We also tested the ability of TOPRNA simulations to reproduce the RDCs of HIV-2 
TAR, which contains a 2-nt polyU bulge (Figure 3.5B) (31). Here, we also found poor 
agreement due to inter-helical stacking effects neglected by TOPRNA (RMSD = 13.4 Hz; 
Figure 3.5E). For example, the NMR-MD ensemble constructed for HIV-2 TAR is dominated 
by coaxially stacked (|βh| <15°) conformations and has no conformations possessing 
|βh|>30°.(22) This stacked conformation closely resembles the low-bend Mg2+-present state of 
polyU bulges observed by Zacharias and Hagerman (Figure 3.5A) (36), and can be explained by 
the higher Na+ concentrations used in the NMR experiments (31). 
Taken together, these results support a model where the distribution of inter-helical 
conformations populated by polypyrimidine bulges is governed by an interplay of inter-helical 
stacking, electrostatic repulsion, and topological constraints. Whereas stacking predominates for 
short bulges and at high salt conditions, topological constraints govern the behavior of long 
polypyrimidine bulges at low salt. While the extent to which this holds true for non-
polypyrimidine bulges is unclear, this finding nevertheless indicates topological constraints to be 
a highly significant driver of bulge conformation. It is worth emphasizing that it would be 
difficult to draw our conclusions regarding the role of topological constraints from models that 
include all RNA forces. We also note that while our simulations highlight the importance of 
inter-helical stacking to bulge conformation, increasing the strength of these interactions beyond 
the minor attraction already present between paired B pseudo-atoms is counter to the topological 
constraint focus of the model.  
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3.3.6 Topological constraints encode conformational free energies  
The agreement between ensemble averages over our simulations and experiments on 
polypyrimidine bulges at low salt implies that the free energy landscape explored by TOPRNA 
mirrors that of real RNAs. We directly computed these energy landscapes from our simulations 
by converting the sampling probability of each (αh, βh, γh) angle into a free energy cost, ΔGTopo, 
relative to a given bulge’s highest probability (αh, βh, γh) conformation (equation [3.5]). ΔGTopo 
reflects both the entropic and internal energy costs imposed by topological constraints. It 
captures, for example, whether an inter-helical orientation requires its bulge-nucleotides to adopt 
a strained conformation, or alternatively, if an orientation is entropically favored because it 
preserves the conformational freedom of its bulge-nucleotides. Note that the small attractive 
interaction experienced between paired B pseudo-atoms also provides a slight favorable 
contribution to the ΔGTopo of coaxially stacked conformations. Interestingly, these calculations 
reveal that the ΔGTopo of different (αh, βh, γh) conformations is on average ~3 kcal/mol and can 
be as large 6 kcal/mol (Figure 3.6), indicating that topological constraints strongly favor some 
bulge conformations over others.  
To further evaluate the significance of these energy landscapes we again utilized 
comparisons to the set of (αh, βh, γh) observed among bulges in the PDB. As the conformations 
captured by crystallography or NMR primarily reflect ‘folded’ states that are stabilized by 
attractive interactions ignored by TOPRNA, we do not expect exact correspondence between 
ΔGTopo and the distribution of (αh, βh, γh) in the PDB. However, given that intra-junction 
attractive interactions are typically ≤2.5 kcal/mol (43,44), if ΔGTopo is significant then we should 
observe few if any PDB bulges with ΔGTopo greater than this threshold. Remarkably, we find that 
this is indeed the case, with 82% of bulges possessing ΔGTopo ≤ 2.5 kcal/mol (Figure 3.6C). 
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Moreover, analysis of the bulges possessing ΔGTopo ≥ 2.5 kcal/mol revealed that 98% either 
participate in protein or RNA tertiary interactions, possess such interactions directly up/down-
stream of the bulge, or possess crystal packing interactions. For example, the apparently different 
behavior of 3-nt bulges in Figure 3.6C arises because two motifs, Helix 12 of the 16S rRNA and 
Helix 96 of the 23S rRNA, collectively comprise ~80% of the 3-nt bulges in our database; both 
of these motifs participate in either RNA-RNA or protein-RNA tertiary interactions.  
The above observations suggest that bulges with high ΔGtopo are only observed because 
they are stabilized by auxiliary interactions. For several bulges, this claim is directly supported 
by the existence of alternative lower-energy structures. Notably, in two different crystals (45,46) 
the 5-nt bulge of the HCV IRES IIa domain adopts conformations possessing ΔGtopo=3.8-4.3 
kcal/mol. However, in an alternative ligand-bound crystal structure (47) and in solution NMR 
structures (48,49) this bulge is limited to conformations having ΔGtopo=1.1-2.1 kcal/mol. 
Similarly, of nine structures of HIV-1 TAR in our database (50-57), eight possess ΔGtopo<1.7 
 
Figure 3.6: PDB junction conformations coincide with the TOPRNA free-energy landscape. 
Representative 2D slices of the 2-nt bulge free energy landscape (T=300 K) are shown for constant γh = 50° (A) and 
γh = 70° (B). Open circles denote conformations observed in the PDB, with the red circle in (B) highlighting the 
4ERD outlier. Inset in (B) is a cartoon illustrating the physical meaning of the (αh, βh, γh) angles. (C) Cumulative 
distribution functions showing the fraction of (αh, βh, γh) conformations with ΔGtopo less than a given cutoff value. 
The distributions for (αh, βh, γh) conformations observed in the PDB are shown as solid lines. The distributions for 
(αh, βh, γh) in the TOPRNA topologically allowed spaces are shown as dashed lines. The gray background highlights 
ΔGtopo values <2.5 kcal/mol. 1853, 705, 347, 30, 26 and 1 structures are represented by the PDB curves of 1-nt, 2-nt, 
3-nt, 4-nt, 5-nt, and 6-nt bulges, respectively. 
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kcal/mol, with only the crystal-contact stabilized 397D (51) structure exhibiting a high-energy 
conformation (ΔGtopo = 3.1 kcal/mol). The protein-bound 2-nt bulge of the 4ERD (35) outlier 
mentioned earlier (ΔGtopo > 5.5 kcal/mol), and the 2-nt bulge of Helix III of the 5S rRNA (ΔGtopo 
= 1.5-2.6 kcal/mol in various ribosome structures; see for example (58,59)), have also been 
shown by NMR (60,61) to adopt lower-energy apo conformations possessing ΔGtopo = 2.0 and 
ΔGtopo = 0.6 kcal/mol, respectively.  
The 2% of ΔGtopo ≥ 2.5 kcal/mol bulges that are not explained by auxiliary stabilizing 
interactions correspond to NMR structures. Of the 10 total, 7 were solved without RDC restraints 
(62-65), suggesting that their global structures may be unreliable (66), and one is an averaged 
structure of the HCV IRES derived from an ensemble whose best representative conformation 
has ΔGtopo = 1.7 kcal/mol (48). The final two are from the unpublished NMR structure 1U3K, for 
which refinement details were not available. 
Together, these results strongly indicate that topological constraints play an important 
role in defining the RNA free energy landscape. In the absence of external stabilizing 
interactions, bulges are largely limited to low ΔGtopo conformations that are encoded by 
secondary structure. In addition, as evidenced by the experimental agreement above, these 
topological-constraint-encoded energy landscapes provide a reasonable estimate of the ensemble 
of structures sampled by dynamic polypyrimidine bulges at low salt. We note that electrostatics, 
preferred backbone rotameric states, and attractive interactions involving single-stranded 
nucleotides, all of which are ignored by the TOPRNA force field, are also key drivers of final 
RNA 3D structure. Indeed, detailed models that include these forces should be expected (and 
have been shown (9,11,13,67-69)) to achieve superior experimental agreement given sufficient 
sampling. However, the success of TOPRNA indicates that for a bulge with stable secondary 
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structure, these other energetic terms serve to fine-tune the energy landscape predefined by 
topological constraints. This finding emphasizes the continuing need for a more holistic 
understanding of the forces that dictate RNA 3D structure. We suggest that while not suitable by 
itself for high-resolution structure prediction, this finding may help guide further improvements 
in dedicated structure prediction and design methods. NMR structure refinement protocols may 
also benefit by considering the energetic contributions of topological constraints. 
We also note the striking parallels between this finding and that obtained by Herschlag 
and coworkers (2) from their studies on simplified junction mimics. In these systems, topological 
constraints were shown to destabilize certain junction conformations by as much as ~5 kcal/mol 
and were hypothesized to play a potential role in encoding specificity of RNA 3D structure. By 
establishing that such topological-constraint-defined energies also exist in biologically relevant 
junctions, our analysis provides a tantalizing clue that secondary structure, independent of exact 
sequence, may indeed be encoding the 3D structure of many RNAs.  
 
3.4 Conclusions 
In this Chapter, we have developed the coarse-grained molecular dynamics model TOPRNA that 
is optimized to explore the contributions of topological constraints to the folding and dynamics 
of complex RNA systems. TOPRNA simulations of two-way bulge junctions recapitulate our 
findings in Chapter 2 that topological constraints are significant determinants of bulge 3D 
structure. In particular, these basic constraints limit the set of inter-helical conformations 
accessible to 1- to 4-nt bulges to 7-20% of the total theoretical space. With the greater physical 
accuracy afforded by TOPRNA, we show that deviations in idealized A-form helix structure and 
stereochemical constraints posed by bulge-linking nucleotides play a critical role in defining the 
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set of allowed conformations. However, inter-helical translations play a relatively insignificant 
role. 
 Strikingly, in addition to defining a limited range of allowed conformations, our 
simulations demonstrate that topological constraints contribute as much as 6 kcal/mol to the free 
energy of different bulge conformations. The majority of bulges in the PDB adopt conformations 
with low ΔGtopo, and the few bulges with high ΔGtopo appear to be stabilized by interactions with 
external partners such as proteins. The surprising ability of our simulations to reproduce 
experimental measurements made on polypyrimidine bulges at low salt concentrations suggests 
that in some cases bulge conformational free energy is primary determined by ΔGtopo alone. 
However, for sequences that more strongly stack, or at higher salt concentrations, other energetic 
terms such as electrostatics and attractive interactions are needed to explain RNA behavior. 
Nevertheless, as a whole our results strongly support that topological constraints are a significant 
determinant of bulge conformational free energy. The generality of both the TOPRNA force field 
and the analysis methods developed in this Chapter provide a strong foundation for studies of 
topological constraints in a wide variety of RNAs. 
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Chapter 4: The Role of Topological Constraints                                 
in tRNA Folding and Dynamics 
 
This chapter has been adapted from the following publication: 
Mustoe, A. M., Brooks, C. L. III, and Al-Hashimi, H. M. (2014) Topological constraints are 
major determinants of tRNA tertiary structure and dynamics and provide basis for tertiary 
folding cooperativity, Nucleic Acids Research, in press. 
  
 
4.1 Introduction 
In Chapters 2 and 3 we extensively characterized the topological constraints of isolated two-
way junction motifs. These studies demonstrated that excluded volume and connectivity 
constraints limit two-way junctions to only 7-26% of their theoretically possible interhelical 
conformations. Furthermore, topological constraints define anisotropic free energy landscapes 
that quantitatively approximate experimentally measured structural and dynamic properties of 
RNA bulges (1-4). These studies indicate the importance of topological constraints as a 
determinant of RNA 3D conformation and dynamics. However, while two-way junctions are 
fundamental building blocks of RNA architecture, many biologically important RNAs are 
organized around higher-order junctions such as three- and four-way junctions. The influence of 
topological constraints on the structure and dynamics of these more complex junctions is poorly 
understood. 
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Studies of isolated two-way junctions are also unable to address the potential roles that 
topological constraints may play in RNA tertiary folding. In particular, biological function 
requires many RNA molecules to fold into specific, highly complex 3D structures that are 
stabilized by tertiary interactions (5-7). Since RNA 3D folding largely takes place from a state 
possessing prefolded secondary structure, conformational biases arising from the topological 
constraints of RNA junctions could be important in guiding the tertiary folding outcome. Indeed, 
from their studies of PEG-linked DNA helices, Herschlag and coworkers (3) hypothesized that 
topological constraints could contribute to RNA folding specificity by posing large energetic 
penalties on forming non-native tertiary interactions. Such a mechanism could explain how 
RNAs overcome the limited specificity of their four-nucleotide alphabets and the resulting 
inherent promiscuity of tertiary interactions.  
Supporting the notion that junctions may influence tertiary folding, fragment assembly 
studies of tRNA and the adenine riboswitch suggest that inter-helical linkers bias these RNAs 
towards native-like conformations (8). Structural surveys have also identified correlations 
between the length of single-strands in higher-order junctions and their folded conformations 
(9,10). However, these studies were unable to distinguish whether these observations were due to 
topological constraints or more complex factors such as sequence-specific base stacking. Other 
proposed roles for topological constraints in RNA folding, such as their potential to contribute to 
RNA folding cooperativity (11), have yet to be tested. Systematic analyses of the thermodynamic 
contributions of topological constraints to higher-order junction conformation are needed. 
Until now, studying topological constraints in higher-order junctions has proven 
challenging. The heuristic models used by Bailor et al. (1) and Chapter 2 rely on the many 
simplifications afforded by two-way junctions. In bulges, the two helices are adjoined at one 
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strand by a relatively stationary pivot. The same is true for internal loop motifs because bases 
tend to maximize formation of non-canonical base pairs, resulting in a bulge junction topology. 
This pivot-like connectivity allowed translations of the helices to be largely ignored and the 
finite length of the bulge linker to be modeled as a simple distance constraint. By comparison, 
higher-order junctions lack well-defined pivots, contain multiple single-stranded loops whose 
behavior is difficult to model a priori, and possess many more degrees of freedom due to the 
larger number of involved helices. 
The development of TOPRNA in Chapter 3 resolves these challenges. In this Chapter, 
we utilize TOPRNA to characterize for the first time the topological constraints of four-way 
junctions and their potential contributions to the structure and dynamics of tRNA, which has 
long served as a paradigm for understanding RNA tertiary folding. Our results expose new 
features of topological constraints that are unique to higher-order junctions and indicate that 
topological constraints are harnessed by tRNA to specify its tertiary structure, dynamics, and 
folding cooperativity. 
 
4.2 Materials and methods 
4.2.1 Simulation methods 
Initial coordinates were derived from the 6TNA crystal structure, changing modified residues to 
their unmodified analogs. Dihedral potentials and base pair bonds were added based on each 
molecule’s secondary structure as described previously (4). The cut A/D-loop and cut V-loop 
tRNAs were obtained by removing the bond between U8(S) and A9(P) and G46(S) and U47(P), 
respectively. Mutant tRNAs were constructed by shifting the 6TNA residue numbering and using 
CHARMM to build the subsequent ‘missing’ nucleotides (sequences are shown in Figure C.9). 
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For the VL-1 variant, coordinates for nt 46 were deleted and the upstream residue numbers 
shifted down. After building, all residues except for those immediately neighboring the mutation 
site were harmonically restrained and the system minimized. For the VS mutants, an additional 
round of building and minimization was used to add the V-stem and/or G26•U44 pairs after the 
inserted VL nts were initialized.  
Restrained simulations were started from the same initial coordinates. Tertiary pairs were 
enforced using NOE restraints between B beads with rmin=5.5 Å and rmax=7.5 Å and between the 
associated S beads with rmin=11 Å and rmax=14 Å. Base triples were enforced by placing B-B and 
S-S NOE restraints between the tertiary nucleotide and each of the two helical nucleotides, with 
rmin and rmax set to ±1 Å and ±1.5 Å of the approximate B-B and S-S distances found in the 
crystal structure, respectively. Force constants for all NOE restraints were set to kmin=kmax=2.0 
kcal/mol/Å2, with maximum force asymptotes of 2.0 kcal/mol/Å. Several force field 
modifications were also made when restraining the tertiary G26•A44 pair, consistent with its role 
in extending the AC-stem. The backbone dihedrals of G26 and A44 were given potentials 1/4 the 
height of those used for WC-paired residues to favor A-form structure. The B beads of both G26 
and A44 were also parameterized to experience a small attractive interaction to other paired B 
beads, as described for canonical pairs above. Finally, an M bead was added to the B bead of 
G26 to fill steric gaps that would otherwise exist between G26 and A44.  
Both unrestrained and restrained simulations were performed using temperature replica 
exchange Langevin dynamics simulations with eight exponentially spaced temperature windows 
from 300 K to 450 K. Simulations were performed in CHARMM with a 20 fs timestep and 5 ps-1 
friction coefficient through the aarex.pl package of the MMTSB toolset (4,12). Exchange 
attempts were separated by 2,000 dynamics steps, with acceptance ratios varying between 35-
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45%. A total of 109 and 108 dynamics steps per replica were performed for the unrestrained and 
restrained simulations, respectively, with the first 2×106 steps of each simulation treated as 
equilibration and excluded from analysis. For the unrestrained simulations, this equilibration 
time was sufficient for the molecule to lose all memory of the starting crystal structure 
configuration (i.e. completely unfold). Analysis was performed on conformations recorded every 
2,000 dynamics steps at 300 K. Convergence was confirmed by comparing ΔGtopo values 
computed from the first 108 steps of the unrestrained WT simulation to those obtained from the 
full 109 steps; ΔGtopo values varied by less than 0.5 kBT for long-range contacts that form with 
ΔGtopo<9 kBT. 
 
4.2.2 Measuring interhelical Euler angles 
Euler angles describing the orientation between pairs of helices and the total fraction of these 
angles that were sampled were computed according to previously described conventions using a 
bin size of 10° (4,13). The H1 helix used for each pair of helices is always listed first in the text 
(13). The various crystal structure conformations of tRNA were obtained by searching the RNA 
FRABASE (14) for all 3.5 Å resolution or better X-ray structures with strand1 = ‘(((..(((’, 
strand2 = ‘))).(((’, strand3 = ‘))).....(((’, and strand4 =  ‘))))))’.  
The fraction of global junction conformations sampled by each simulation was computed 
by discretizing the measured 3×(αh, βh, γh) angles onto a 60° 9D grid and dividing the number of 
sampled grid points by 1083 (108 is the number of non-degenerate (αh, βh, γh) between two 
helices on a 60° grid). While the number of possible grid points is significantly larger than the 
length of our simulations, the 499,000 snapshots of WT tRNA only sampled ~77,000 unique 9D 
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angles. It is likely that on a finer grid tRNA’s global conformation would be substantially more 
constrained than estimated here. 
 
4.2.3 Measuring mutual information 
Mutual information (MI) provides a general measure of correlation derived from information 
theory that measures the extent to which the probability distributions of the two variables are 
independent of one another (15). MI ranges from 0 if the distributions are completely 
independent, to the value of the individual distribution’s Shannon entropy if they are completely 
dependent. The mutual information between the Euler angles of two different helices was 
computed as 
.        [4.1] 
X and Y are the orientations of two helices measured with respect to a common H1 helix, and 
P(Xi,Yi), P(Xi), and P(Yi) are the joint and individual probabilities of the two helices adopting the 
specific (αh, βh, γh) conformations Xi and Yi. Probabilities were computed using histograms with 
45° bin widths. The ratio of the number of populated bins to data points ranged between 10 and 
20 for the 6D histograms used to compute joint probabilities. MI overestimation due to sample 
size finiteness was corrected for according to (15).  
 
4.2.4 Measuring correlations between the centers of mass of different helices 
To correlate the centers of mass (COM) of two helices, Hi and Hj, a reference helix Hr 
(Hr≠Hi≠Hj) was chosen as an internal reference frame. Global translations and rotations of the 
molecule were removed by superimposing the three junction-closing base pairs of Hr. Hi and Hj 
COM time series were then computed using the S and P pseudo-atoms of the three junction-
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closing base pairs of each helix, and the canonical correlations of these time series were 
computed using the CCA library of R. The mean of the three orthogonal canonical correlation 
coefficients was used as the correlation expected along an arbitrary direction in 3D space.(16) 
This was repeated for both possible choices of Hr, as different Hr’s remove global rotations and 
translations of the molecule with varied efficacy. The minimum of the two obtained mean 
correlations was chosen as the best representative. Time-randomizing the two COM variables 
and repeating the correlation analysis confirmed significance; in all cases, these time-randomized 
COM variables had R≤0.005.  
 
4.2.5 Computing tertiary and coaxial stacking contacts 
Two residues were considered to be in contact if the distance between their S beads was <14 Å 
and the residues were ≥5 apart in sequence number. Two loops were considered to be in contact 
if there was at least one residue-residue contact between the loops. The A/D-loop or V-loop was 
considered to be in contact with the D-stem if there was at least one residue-residue contact 
between the loop and the stem. 
Coaxial stacking contacts between the D- and AC-stems, the T- and A-stems, and, if 
applicable, the V- and AC-stems, were determined using a set of criteria similar to that 
developed for all-atom structures (17). Our criteria are loosened to accommodate TOPRNA’s 
coarse representation. The criteria were as follows: 1) The cosine of the angle between the base-
pair-plane-normal vectors of the helix closing base-pairs is ≥0.7, where the base-pair-plane was 
determined as the least squares fit of all of the beads of the two paired nucleotides.  2) The 
distance between the centers-of-mass of the two closing base pairs is ≤9 Å for directly linked 
helices, or ≤14 Å for helices separated by one single-stranded nt. The centers of mass were 
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computed using only B beads. 3) The angles between each of the base-pair-plane normal vectors 
and the vector connecting the two pairs’ centers of mass are both <60°. 
 The energetic cost of forming a residue-residue, loop-loop, or stacking contact, c, was 
computed as 
 .        [4.2] 
P(c) is the probability of observing the contact in a given simulation. The cost of forming joint 
contacts c1, c2, …, cn was computed by substituting the joint probability P(c1, c2, …, cn) into [4.2] 
above. The cooperativity C among a group of contacts was computed as 
.                      [4.3]  
 
4.2.6 Identification and analysis of best-packed conformers 
Best-packed conformers from each simulation were identified by minimizing the energy function 
E = nlεl + nsεs, where nl is the total number of residue-residue contacts between loops, ns is the 
total number of coaxial stacks, and εl and εs are arbitrary scaling parameters. Unless otherwise 
indicated, εl was set to -0.6 kBT and εs set to -3.5 kBT. These values were chosen based loosely 
on the relative interaction energies expected to be contributed by non-specific residue-residue 
contacts and inter-helical stacking contacts. Choice of alternative εl and εs values had minimal 
effect on the identified conformers (Figure C.4).  
The entropies of the 500 conformers with lowest E for each simulation were computed 
using an approach developed to estimate protein loop entropies (18). Conformers that are close 
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in structure to other conformers within this sub-ensemble will have higher entropies and thus 
indicate enriched regions of phase-space. The entropy Si of conformer i is computed as 
.         [4.4] 
The sum is done over all conformers j≠i, with rmsdi,j the RMSD in Å between i and j using all P 
beads unless otherwise noted. This functional form provides a smooth measure of the number of 
conformers within a ~10 Å volume of conformer i. The 10 Å radius was chosen based on its 
status as the P=0.01 cutoff for structural similarity in tRNA (19).  
The overall specificity of the 500 most compact conformers of each tRNA species was 
quantified as the entropy-weighted fraction of compact conformers that are native-like,  
  .         [4.5] 
Here, Si is the entropy of conformer i and Ni is 0 or 1 depending on whether i possesses contacts 
between the D and T loops and does not possess contacts that preclude a native-like 3D structure. 
These native-inconsistent contacts were defined as contacts between any two residues of the 
(A/D, AC), (A/D, ACCA), (D, AC), (D, ACCA), (D/AC, ACCA), (AC, V), (AC, T), (AC, 
ACCA), (V, ACCA), or (T, ACCA) loops. To maintain consistency when comparing across 
species, residues of the A/D, V, and ACCA loop residues were excluded from the RMSD 
calculations used to compute conformer entropies.  
 
4.2.7 Folding tRNA with four restraints from an initially unfolded conformation 
The potential for G26•A44, U8•A14, G15•C48, and G19•C56 tertiary restraints to determine 
tRNA’s native 3D structure from unfolded conformations was probed through simulations that 
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hierarchically ‘folded’ the molecule from random configurations of the secondary structure. The 
restraints were enforced hierarchically in the order listed above with rmin and rmax identical to the 
values used for other restrained simulations. Force constants were initially set to 
kmax=kmin=0.1 kcal/mol/Å2 and fmax=0.5 kcal/mol/Å, with the system allowed to equilibrate 
over 2×106 steps of Langevin dynamics at 300 K after the addition of each restraint. After all 
restraints were added, the system was allowed to further equilibrate over 105 steps of dynamics 
performed at each of 500 K, 450 K, 400 K, 350 K, and 300 K. Restraint force constants were 
then increased to kmax=kmin=4.0 kcal/mol/Å2 and fmax=4.0 kcal/mol/Å and the system allowed 
to equilibrate over an additional 105 steps of dynamics at 300 K. Production simulations were 
performed at 300 K for a total of 106 dynamics steps, recording conformations every 103 steps, 
and the simulation-average structure computed.  
In total, this procedure was performed for 200 different initial configurations, yielding 
200 average structures. The generated average structures were then clustered according to the 
similarity of their measured 3×(αh, βh, γh) angles using the fixed-radius ART-2’ clustering 
algorithm (20), modified to use cluster medoids instead of cluster means. Distances between two 
conformations i and j were computed as 
,           [4.6] 
where (θij)n is the single-axis rotation amplitude (13) needed to bring the n-th (αh, βh, γh) of 
conformation i into concordance with the n-th (αh, βh, γh) of conformation j, and the clustering 
radius was set to 60°. This radius was chosen due to the observation that two different pairs of 
coaxially stacked helices, sourced from our previously constructed database of coaxially stacked 
helices within the PDB (2), may possess  (αh, βh, γh) differing by as much as θij=60°. Thus, a 
choice of 60° should allow two such equivalent conformations to cluster together. 
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Multiple independent clusterings computed from different initial orderings of the 
structures consistently yielded 7 clusters, with the most populous cluster (35%-41% of the 
population) always comprised of native conformations. The next most populous cluster 
contained no more than ~26% of the average structures. The members of non-native clusters 
represent different topoisomers that arise from the non-equilibrium folding methodology. While 
able to fulfill the four applied distance restraints, these structures were clearly not feasible RNA 
folds. For example, only structures in the native cluster were able to form any type of inter-
helical stacking interactions. 
 
4.3 Results 
4.3.1 Topological constraints restrict tRNA global conformation and give rise to inter-helical 
correlations 
We explored the topological constraints posed by the secondary structure of tRNAPhe (hereafter 
referred to as WT tRNA) using temperature replica exchange molecular dynamics simulations of 
the TOPRNA coarse-grained model (Figure 4.1A). These simulations showed good convergence 
after 108 steps of dynamics per replica, but were extended to a total of 109 steps to achieve the 
best sampling possible. To analyze the global conformations sampled by our simulations we use 
Euler angles, (αh, βh, γh), to describe the relative orientation between pairs of tRNA helices 
(1,2,13). Using the AC- and T-stems as an example, Euler angles specify the twist angles αh 
around the T-stem and γh around the AC-stem, while βh specifies the bend angle between them 
(Figure 4.1B). While a total of six sets of pairwise Euler angles exist between tRNA’s four 
helices, only three are needed to uniquely define the orientation of three helices relative to a 
reference helix, arbitrarily chosen here to be the AC-stem (13).  
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In Chapter 3 we showed that topological constraints restrict the relative orientations of 
helices to as little as 7% of the total theoretical (αh, βh, γh) space for 1-nt bulges and as much as 
62% for an infinitely long bulge (1,2,4). The connectivity constraints posed by single-stranded 
bulge linkers and the pivoted topologies of these motifs also give rise to correlations between the 
helical twist angles αh and γh (1,2). In WT tRNA, the four-way junction constrains the relative 
orientation between pairs of helices to a lesser extent (43%-88%) than two-way junctions (7-
 
 
Figure 4.1: Secondary structure limits the set of global conformations accessible to tRNA 
(A) Secondary structure and labeling scheme of tRNAPhe. Loop residues are bolded and cut locations marked. (B) 
The Euler angle convention used to describe the relative 3D orientation of RNA helices. Shown is a representative 
TOPRNA snapshot of the AC- and T-stems, colored as in (A), with the A- and D-stems and connecting loops not 
shown for clarity. (C) Fraction of possible (αh, βh, γh) angles sampled between pairs of tRNA helices by the WT 
(black), cut A/D-loop (red), and cut V-loop (blue) simulations. (D) The mutual information (MI) between pairs of 
inter-helical Euler angles measured with respect to a common reference helix. The two helices whose orientations 
are being correlated are bolded.  
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62%) (Figure 4.1C). Interestingly, these reduced constraints allow helices to sample orientations 
that are forbidden in two-way junctions. For example, ~7% of the (αh, βh, γh) sampled between 
the AC- and T-stems would be inaccessible to any type of two-way junction (1,2). These unique 
orientations become accessible because helices in higher-order junctions are no longer 
necessarily translationally constrained by well-defined pivots, effectively reducing their steric 
constraints.  
As expected, the range of orientations sampled by helices increases with the length of the 
adjoining linker strands (Figure 4.1C). Thus, the A- and D-stems, which are separated by two 
nts, sample 82% of the (αh, βh, γh) space, whereas the A- and T-stems, which are linked by a 
pivot, are limited to only 43% of their possible relative orientations. Helices that are only 
indirectly linked, such as the D- and T-stems, are also constrained and sample <80% of their 
possible relative orientations. Comparisons to simulations of tRNA with cut A/D- or V-loops 
(Figure 4.1A, C) show that helices linked by two or fewer single-stranded nts are primarily 
constrained by local sterics; the short linkers translationally restrain the helices such that they 
cannot diffuse away and are unaffected by distal cuts of the junction (Figure 4.1C). By contrast, 
the constraints on all other pairs of helices depend on junction connectivity, with ~100% of 
possible conformations sampled upon junction cutting.  
Although individual pairs of helices in WT tRNA are less constrained than in two-way 
junctions, the system as a whole is more constrained than is apparent from the pairwise analysis. 
As noted above, the global conformation of tRNA is described by three joint sets of Euler angles. 
If the helices behaved independently, the fraction of conformations sampled within this 9D 
angular space would equal the product of the fractions sampled by each of the three helix pairs 
individually. Instead, the ratio of these quantities is r9D/3×3D≈0.06, indicating that the orientations 
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of tRNA’s helices are coupled together. Indeed, based on mutual information (MI) measures, we 
observe small to moderate correlations (MI>0) between all pairs of inter-helical (αh, βh, γh) 
angles (Figure 4.1D). These correlations are also apparent in coordinate-space, with the centers 
of mass of different helices correlated with R≈0.2 to R≈0.6 (Figure C.1). Thus, once the 
orientation of two helices is defined, it poses constraints on the orientations of other helices 
either due to long-range steric effects and/or conformational restriction of the linker single-
strands. For example, coaxial stacking of the D- and AC-stems anchors the termini of the A/D- 
and V-loops, shortening the effective linker between the A- and T-stems and thereby limiting 
their conformational freedom (Figure C.2). When stacked atop the AC-stem, the excluded 
volume of the D-stem also precludes twisted orientations of the A-stem relative to the AC-stem 
(Figure C.2). These correlations are significantly diminished in the cut tRNAs; the r9D/3×3D ratio 
increases to ~0.15 in both, and we observe dramatically reduced MI between different inter-
helical angles as well as reduced correlations between the centers of mass of helices (Figure 
4.1D, C.1). 
Together, these correlations serve to constrain the relative orientations of WT tRNA’s 
helices to ~6% of the theoretically possible conformations in 9D Euler space. Thus, the ability of 
topological constraints to induce long-range correlations between all four helices helps 
compensate for the decreased constraints experienced between pairs of helices.  
 
4.3.2 Topological constraints prevent tRNA from forming non-native well-packed 
conformations  
Given that there are no attractive interactions in TOPRNA, the simulation of WT tRNA spends 
the majority of its time in entropically favored extended conformations. However, conformations 
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that form long-range inter-loop contacts are transiently sampled, including native-like 
conformations (5×10-4 of conformations are <10 Å root-mean-square-deviation (RMSD) from 
the crystal structure). From their studies of helices linked by polyethylene glycol tethers, 
Herschlag and coworkers proposed that topological constraints could prevent an RNA from 
forming non-native tertiary contacts and thus contribute to the specificity of tertiary folding (3). 
To test this possibility in WT tRNA, we computed the probability P(ri,rj) at which two loop 
residues ri and rj come within a S-S bead distance cutoff of 14 Å, the approximate distance 
between two Watson-Crick (WC) paired residues. P(ri,rj) was then converted to a free energy 
ΔGtopo(ri,rj) that defines the energetic cost of forming the distance-dependent contact. As shown 
in Figure 4.2A, topological constraints pose a penalty as large as ~8 kBT (~5 kcal/mol at 300 K) 
for bringing different regions of WT tRNA into proximity. Strikingly, native tertiary contacts 
(outlined in black in Figure 4.2A) are specifically topologically favored, forming with the 
smallest ΔGtopo penalty (2-6 kBT). By contrast, non-native contacts are typically discriminated 
against via large ΔGtopo penalties (>7 kBT). It is worth noting that this several kBT difference is 
similar in magnitude to the -1 to -5 kBT stability of WC base pairs (21).  
Comparisons to the cut tRNAs reveal that the specificity for native contacts is a unique 
property of WT topological constraints (Figure 4.2B, C.3). Notably, the ΔGtopo penalty for 
forming non-native contacts decreases by as much as -3 kBT in the cut tRNAs. By contrast, the 
ΔGtopo of forming native ‘core’ contacts between the A/D-, V-, and D-loops is increased by 1-2 
kBT, and remains roughly unchanged for other native contacts. Thus, the ability of topological 
constraints to discriminate against non-native contacts is substantially reduced.  
  122 
 While the above results indicate that individual native tertiary contacts are specifically 
topologically favored in WT tRNA, they do not necessarily imply that topological constraints 
favor native over non-native 3D conformations. Instead, one must consider the penalty of 
forming many tertiary contacts simultaneously. To explore this question, we identified the 500 
WT tRNA conformers that have the maximal number of long-range contacts between single-
stranded loops and inter-helical stacking interactions, which we term the ‘best-packed’ 
conformers (see Section 4.2.6). It is important to emphasize that this procedure equally weights 
native and non-native contacts, and ignores both sequence and local geometry. Remarkably, 
 
Figure 4.2: Secondary structure prevents tRNA from forming non-native tertiary contacts 
 (A) Free energy cost of forming different inter-loop residue-residue contacts in WT tRNA. Contacts observed in the 
crystal structure are outlined in black. (B) The free energy cost of forming different contacts upon cutting the A/D-
loop. The ΔGtopo is shown in the upper left triangle using the same color scale as (A). In the lower triangle, the 
ΔΔGtopo between the cut A/D-loop relative to WT tRNA is shown, with the color scale to the right. (C) Entropies 
and all P-bead RMSDs of the 500 best-packed conformers sampled by WT tRNA. Conformations that possess only 
native-consistent contacts and have D-T loop-loop contacts are colored black, those that possess only native-
consistent contacts but lack D-T loop-loop contacts colored red, and those that possess native-inconsistent contacts 
are colored blue (see methods). Note that high entropies indicate conformers that are thermodynamically favored. 
(D) Superposition of the crystal structure (blue) and the five highest entropy best-packed conformers from the WT 
tRNA simulation (red). (E) Entropies and all-P bead RMSDs of the 500 best-packed conformers sampled by cut 
A/D-loop tRNA. The color scheme is the same as in (C). 
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despite this naïve identification procedure, we find that this ensemble of best-packed conformers 
is highly enriched in native-like conformers (Figure C.4). The extent to which conformers are 
close in structure to other conformers in this best-packed subset also indicates whether they can 
be readily accessed, and thus are entropically favored, or conversely whether they are rarely 
accessed and thus entropically disfavored (18). Computing these entropies reveals that 
topological constraints strongly funnel WT tRNA’s free energy landscape towards native-like 
conformations (Figure 4.2C). Conformers that have comparatively low RMSD from the native 
structure and have only native-consistent contacts (for example no contacts between the D- and 
AC-loops; see Section 4.2.6) have significantly higher entropies. In fact, the five conformers 
with highest entropy have native-state RMSDs ranging from 10.9 Å to 13 Å (Figure 4.2D). This 
approaches the 10 Å RMSD threshold that is a significant prediction of tRNA 3D structure (19), 
despite our model treating loops as freely rotatable chains and completely ignoring sequence.  
By contrast, applying the same procedure to the cut tRNAs shows that best-packed 
conformations are significantly less enriched in native-like conformations and are less funneled 
towards the native state (Figure 4.2E, C.5). In combination with Figures 4.2C and C.3, these 
findings lead to the prediction that cutting one strand in tRNA should decrease thermodynamic 
stability. Significantly, this agrees with experiments showing that cuts anywhere within the A/D-
loop or at the V-loop termini catastrophically disrupt the ability of tRNA to fold (22). The same 
experiments also showed that cuts to D/AC-loop and T/A-linker also reduced folding to a lesser 
degree; while not simulated here, this is consistent with our expectation that such cuts should 
similarly disrupt WT tRNA’s topological constraints. However, in what is likely a result of 
stabilization afforded by tertiary base-triples, cuts to the interior of the V-loop did not 
significantly affect folding even though we predict they should comparably disrupt topological 
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constraints (22). Taken together, these observations support that topological constraints 
constitute an important component of the tRNA folding landscape, emphasizing that tertiary 
interactions and electrostatics also play key roles. Notably, the particular severity of A/D-loop 
cuts is likely due to the >3 kBT increase in the ΔGtopo of forming the crucial U8•A14 tertiary 
interaction in addition to the overall decrease in topological constraints (Figure 4.2B). 
 
4.3.3 Topological constraints render some tertiary interactions redundant and help direct 
tRNA dynamics along specific pathways  
We next examined the consequences of combining the specific conserved tertiary interactions of 
tRNA with topological constraints (Figure 4.3). Still treating loop residues as freely rotatable 
chains, we performed a TOPRNA simulation of WT tRNA restrained by these nine tertiary 
interactions using simple residue-residue distance restraints (tRNA9R). tRNA9R is effectively 
constrained to only native-like global conformations (Figure 4.3B); the average structure is ~8 Å 
RMSD from the crystal structure (Figure 4.3C), and conformations with high native RMSDs can 
be attributed to global twisting and bending motions of helices around this average structure 
(Figure C.6). Compared to the distribution of best-packed conformations in the unrestrained 
simulation of WT tRNA (Figure C.4), non-native conformations are eliminated and the 
population of low RMSD conformations is increased in tRNA9R. Thus, native tertiary 
interactions effectively stabilize the set of best-packed conformations favored by topological 
constraints and further funnel them towards the native conformation. The need for only native 
secondary structure and several tertiary interactions to define macroscopic structure in this 
manner may explain why there are comparatively few sequence constraints on other regions of 
tRNA (Figure 4.3A) (23,24). 
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We also examined whether the full set of tertiary interactions is needed to restrict WT 
tRNA to native conformations. Additional restrained simulations indicated that the base-triple, 
U54•A58, and either the G18•U55 or G19•C56 restraints could all be removed without an 
increase in the mean native RMSD (tRNA4R; Figure 4.3B). Of the remaining ‘non-redundant’ 
U8•A14, G15•C48, G26•A44, and G19•C56 restraints, all but the U8•A14 restraint could be 
singly removed with the mean native RMSD increasing by only 1-2 Å (not shown).  
 These results indicate that, at the coarse level of our models, topological constraints 
render some of tRNA’s tertiary interactions structurally redundant. While the favorable 
 
 
Figure 4.3: Tertiary interactions confine tRNA to native-like conformations 
(A) Diagram of conserved tRNA residues and tertiary interactions. Residues with <90% conservation are indicated 
by circles (23). Conserved tertiary interactions are labeled and semi-conserved base triples are drawn as gray lines. 
(B) RMSD distributions of simulations of unrestrained WT tRNA (black), WT tRNA restrained by all nine 
conserved tertiary interactions (tRNA9R; light gray), and WT tRNA restrained by the four non-redundant interactions 
(tRNA4R; dark gray). (C) The average structure of tRNA9R. (D) Three representative structures from the tRNA9R 
simulation illustrating the orientations sampled between the D- and AC-stems. Structures are superimposed by the 
AC-stem. Residues of the A- and T-stems and connecting loops are not colored for clarity. (E) 2D projections of the 
(αh, βh, γh) angles sampled between the AC- and D-stems. Angles only sampled by unrestrained tRNA are shown in 
black; angles sampled by both unrestrained and tRNA4R are shown in dark gray; and angles sampled by tRNA9R, 
tRNA4R, and unrestrained WT tRNA are shown in light gray. Red points correspond to angles measured from 109 
different tRNA crystal structures. A reference cartoon of the three angles is shown at left. Note that as discussed in 
the text, examining only one pairwise set of (αh, βh, γh) angles provides an incomplete picture of the extent to which 
topological constraints confine tRNA conformation.   
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interaction energies contributed by the ‘non-redundant’ contacts surely play an important role in 
stabilizing the native fold, they are unnecessary for defining tRNA global architecture. A caveat 
is that the above simulations were begun from the native conformation, and thus the full set of 
interactions could still be necessary to specify the native state from unfolded conformations. We 
tested this by hierarchically ‘folding’ tRNA molecules from random initial configurations using 
only the four non-redundant tertiary restraints (see Section 4.2.7). Repeating this 200 times and 
clustering the product ‘folds’ revealed that the most populous cluster was native (Figure C.7). 
Thus, coupled with the entropic bias of topological constraints, the non-redundant interactions 
are sufficient to specify global native structure. Notably, the apparent redundancy in tRNA’s 
tertiary interaction network is consistent with evidence that not all conserved tertiary pairs are 
required for folding. Some cytosolic and many mitochondrial tRNAs lack a subset of conserved 
pairs (24,25), and individual ablations (24,26-28) or complete reengineering (29) of the tertiary 
interactions of canonical tRNAs do not inhibit function. Our results also complement prior 
studies that showed that tRNA 3D structure can be predicted based on these non-redundant 
interactions (30-34). 
As noted above, a marked feature of both the tRNA4R and tRNA9R simulations is that 
tRNA retains significant structural flexibility. This flexibility would likely be reduced upon 
inclusion of energy terms beyond topological constraints. Nevertheless, it is interesting to note 
that this flexibility appears to be directed along specific motional modes that are qualitatively 
similar to those identified by more rigorous studies of tRNA dynamics (35-38). These include 
global bending and twisting motions of the two arms of the tRNA ‘L’, and bending and twisting 
of the D- and AC-stems relative to one another (Figures 4.3D, 4.3E, C.6, C.8). It is well known 
that such motions are integral to tRNA function, including recognition by aminoacyl synthetases 
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and initial selection and translocation on the ribosome (38,39). Thus, similar to how topological 
constraints and a few tertiary interaction constraints are sufficient to encode macroscopic 
structure, these constraints are also sufficient to macroscopically define biologically important 
dynamics.  
 
4.3.4 Topological constraints give rise to folding cooperativity 
The apparent correlations between the orientation of WT tRNA helices (Figure 4.1D, C.1) 
together with the redundancy in tRNA’s tertiary interaction network (Figure 4.3B) suggests that 
topological constraints may provide a basis for folding cooperativity. Here, formation of a subset 
of native tertiary interactions is accompanied by greater structural confinement and a reduction 
in the entropic penalty for forming remaining native tertiary interactions. This mechanism could 
help explain the tertiary folding cooperativity exhibited by tRNA (40) and other RNAs (11,41), 
and parallels the explanation given for folding cooperativity in proteins (42). 
We quantified this cooperativity from our unrestrained simulations by computing the 
ratio of the joint probability P( [li, lj], [lk,lm], si, … ) of forming contacts between different pairs 
of loops [li, lj] and [lk,lm] and inter-helical stacks si, to the product of the individual probabilities 
(see methods). This coarse analysis confirms that, on average, different contacts form 
cooperatively, and that cooperativity increases as more contacts are formed (Figure 4.4A). 
Notably, combinations of six native contacts form on average with a ~200× greater probability 
than if they were independent. The cooperativity among native contacts is also as much as 6× 
higher than between combinations of non-native contacts. Thus, topological constraints also help 
prevent non-native contacts from forming cooperatively. By contrast, the cut tRNAs exhibit an 
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overall decrease in cooperativity, and perhaps more importantly, a narrower difference in the 
cooperativities of native vs. non-native contacts (Figure 4.4A). 
We also computed the energetic consequences of cooperativity on native folding in WT 
tRNA by taking the difference between the ΔGtopo of forming a set of contacts {TC} in a 
simulation restrained by tertiary interactions {TI}, relative to the ΔGtopo of forming {TC} without 
restraints:
 
 
.          [4.7] 
! 
""Gcoop {TC},{TI}( ) = "Gtopo {TC}( ){TI}restrained # "Gtopo {TC}( )unrestrained
 
 
Figure 4.4: tRNA's tertiary interaction network is cooperative 
 (A) The mean cooperativity of jointly forming n number of loop-loop or stacking contacts, averaged over all 
combinations of native contacts (solid line, circles) or combinations containing at least one non-native contact 
(dashed line, triangles). Results are shown for the WT (black), cut A/D-loop (red), and cut V-loop (blue) 
simulations. Combinations that were observed ≤10 times were excluded from the averages. (B) The thermodynamic 
cooperativity among tRNA’s tertiary interactions, computed with equation [4.7]. Restrained tertiary interactions are 
numbered on the x-axis according to the shown key. Loop-loop, loop-stem, and stacking contacts for which 
cooperativities were measured are shown along the y-axis. Cooperativities are not computed for loops that have an 
active restraint placed between them. 
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In agreement with our analysis of the unrestrained simulations, single interactions by themselves 
only weakly influence the stability of other contacts (Figure 4.4B). However, as more 
interactions are restrained, formation of other contacts becomes increasingly energetically 
favored. Particularly notable is that the G15•C48 tertiary pair contributes up to -7 kBT to the 
stability of contacts between the V-loop and the D-stem, potentially explaining why the base 
triples that form between these regions have few sequence constraints (43), and consistent with 
the above  observed redundancy of these triples. The G15•C48 pair also promotes inter-helical 
stacking, both individually (-3 kBT <ΔΔGcoop<0 kBT) and more strongly in conjunction with 
other tertiary pairs (-4 kBT <ΔΔGcoop<-2 kBT). By contrast, the U8•A14 pair generally disfavors 
formation of additional contacts, and vice versa, other tertiary restraints disfavor formation of 
A/D- to D-loop contacts. This anti-cooperativity arises because of the large increase in steric 
constraints associated with bringing the A- and D-stems into close proximity; tRNA 
conformations that have both the U8•A14 pair and other native contacts are thus entropically 
disfavored. The inability of U8•A14 to be stabilized by other interactions, coupled with its 
importance for confining tRNA to its native-state (see above), may explain its particularly strong 
evolutionary conservation (23,24). 
 
4.3.5 Topological constraints are conversed across diverse tRNA secondary structures 
While the large majority of tRNA species share the classic cloverleaf secondary structure 
explored above, there are several commonly observed variations (24). The most common 
variation involves a decrease in the length of the V-loop from 5-nt to 4-nt (Figure 4.5A). Not too 
surprisingly, TOPRNA simulations of a tRNA with 4-nt V-loop (VL4) reveals that this molecule 
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is similarly if not even more confined by topological constraints, and has similar native-state 
specificity (Figure 4.5). 
A more dramatic variation is found in so-called Class II tRNAs, where the V-loop is 
replaced by a several base-pair-long V-stem (Figure 4.5B). This is normally accompanied by 
replacement of the tertiary G26•A44 pair atop the AC-stem with a more stable G26•U44 pair, as 
well as several changes to the D-loop (Figure 4.5B) (23). Despite these secondary structure 
differences, Class II tRNAs fold to a common 3D structure through poorly understood 
mechanisms. Strikingly, TOPRNA simulations of a Class II tRNA (VS) reveal that topological 
constraints are conserved, with the overall number of interhelical conformations sampled 
decreasing by ~17% and the probability of jointly forming stacking interactions and D- and T-
 
 
Figure 4.5: Naturally occurring tRNA secondary structures conserve topological constraints 
 (A) Class I tRNAs. The A/D and V-loop are shown as blue and red lines respectively, with tested length variations 
labeled. Naturally observed lengths are bolded. Full sequences are shown in Figure C.9. (B) Example Class II 
tRNA. Inserted V-stem is shown in red, and G26•U44 pair shown by a dashed line. Note the additional D-loop nt 
(gray) and 3-bp D-stem. (C) Relative fraction of 3×(αh, βh, γh) inter-helical conformations sampled by different 
tRNAs compared to WT. (D) Mutual information between different pairs of inter-helical Euler angles relative to WT 
tRNA. The helices whose orientations are being correlated are bolded in the key. (E) The probability and 
cooperativity of jointly forming loop-loop contacts between the D and T loops and both native inter-helical stacks. 
(F) The fraction of 500 best-packed conformers that possess native-like folds, weighted by entropy as described in 
methods. The gray background in C-F is used to highlight natural tRNA variants.  
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loop contacts increasing by ~5% (Figure 4.5C, E). However, native contacts form less 
cooperatively and the best-packed conformations of VS are substantially less native-specific, 
suggesting that the folding landscape of this tRNA may be more complex than Class I species 
(Figure 4.5). 
Inversely, we find that changes in tRNA secondary structure that would be expected to 
disrupt topological constraints are evolutionarily disfavored. While an entire stem can replace the 
V-loop in Class II tRNAs, it is very rare to observe tRNAs with single-stranded V-loops longer 
than 5-nts (Figure 4.5A) (23,24). Consistent with the negative selection of such secondary 
structures, simulations of Class I tRNAs with 7-nt (VL7), 9-nt (VL9), and 11-nt (VL11) long V-
loops indicate that these changes decrease topological constraints (decrease by 17-43%; Figure 
4.5C) and reduce native-state specificity (decrease by 33-75%; Figure 4.5E, F). By comparison, 
Class II tRNAs preserve WT-like topological constraints by sequestering additional V-loop 
nucleotides into a hairpin. 
Topological constraints also help explain why the non-canonical G26•A44 pair of Class I 
tRNAs is replaced in most Class II tRNAs by a more stable G26•U44 pair (Figure 4.5B) (23). 
Removing the G26•U44 base-pair from VS (VSnoGU) reduces topological constraints by ~30% 
compared to VS and significantly reduces the likelihood of forming native tertiary contacts 
(Figure 4.5). This result also helps explains why U44 is often 2’-O-methylated in Class II 
tRNAs that contain G26•U44 pairs. Significantly, although this modification is thought to 
function by locally stabilizing the G26•U44 pair, its absence has been shown to globally 
destabilize Class II tRNAs (44,45).  
Finally, we explored the effects of lengthening the A/D-loop, which is universally 
conserved in all tRNAs to be ≤2 nt long (Figure 4.5A) (23,24). Simulations of Class I tRNAs 
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with 3-nt (A/DL3) and 5-nt (A/DL5) A/D-loops reveal that topological constraints and native 
specificity are modestly decreased in these molecules (8-50%, depending on tRNA and property; 
Figure 4.5). While consistent with the evolutionary preference for 2-nt or less A/D-loops, these 
modest decreases are likely insufficient to explain why such secondary structures are never 
observed in nature. Among many possible explanations, additional nucleotides may disrupt the 
native tertiary interactions that form between the A/D-loop and the D-loop and stem, or lead to 
misfolded secondary structures. 
 
4.4 Discussion 
Our results show that topological constraints encoded at the secondary structure level provide a 
robust strategy for encoding macroscopic properties of RNA 3D structure and dynamics. In 
tRNA, topological constraints serve as a source of negative design (46,47) by imposing 
significant penalties on the formation of non-native tertiary contacts. This is in strong agreement 
with the hypothesis of Herschlag and colleagues that topological constraints provide a 
mechanism for circumventing the limited specificity of RNA’s nucleotide alphabet (3). By 
coupling the orientation of helices together over long length scales, topological constraints also 
allow a tertiary interaction formed in one region of an RNA to influence the likelihood of 
forming additional distant tertiary interactions. This provides a source of folding cooperativity 
that helps stabilize tRNA’s tertiary structure. It is important to emphasize that topological 
constraints are largely sequence independent. Thus, for tRNA, these properties are inherited by 
any species that maintains an appropriate secondary structure. This may help free the primary 
sequence of tRNA to vary according to other functions orthogonal to folding (39). 
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As discussed above, our findings are consistent with, and can help explain, many prior 
experiments on tRNA. It is particularly satisfying that our results help explain why evolution has 
conserved the Class I and Class II isoforms of tRNA secondary structure, but strongly selects 
against secondary structures with V-loops containing more than five single-stranded residues. 
Our results may also explain the thermodynamic coupling between secondary and tertiary 
structure folding that is observed in some tRNAs (48-53). Experimental (54) and computational 
(55) studies of tRNA suggests that folding of native secondary structure nucleates tertiary 
structure folding. While not true for all RNAs (56,57), this is consistent with our hypothesis that 
secondary structure exerts a powerful influence on tertiary structure stability. This is further 
supported by experiments showing that stabilizing secondary structure can rescue folding of 
tRNA mutants with disrupted tertiary interactions (53), and by the clear implication that 
increased GC sequence content stabilizes thermophilic tRNA species (24,58). 
A growing body of literature has suggested the importance of junction secondary 
structure to the folding of other RNAs. Correlations between the length of single-strands in 
junctions and their folded conformation have been identified and used with some success to 
predict RNA 3D conformation (9,10,59-62). Paralleling our results, Sim and Levitt found that 
fragment assembly models built from secondary structure were biased towards the native 
conformation (8). Experiments have also shown that the junction of the hairpin ribozyme 
modulates the thermodynamics of tertiary folding, primarily by altering the entropic cost of 
folding (63-66). However, the physical basis for these observations has remained unclear. 
Combined with prior studies of two-way junctions (1-4), our work indicates that topological 
constraints provide a free energy based framework for understanding the link between secondary 
structure and 3D conformation. 
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The ability of topological constraints to discriminate against non-native tertiary 
interactions and encode cooperativity may be particularly important for large RNAs. Notably, 
cooperativity similar to what we find in tRNA has been shown to be critical to the tertiary 
structure stability of large RNAs (11,41,67). These RNAs also often utilize multiple identical 
tertiary interaction motifs to stabilize their 3D folds, implying that factors beyond sequence code 
for their specificity (68,69). Large RNAs also fold through native-like compact intermediates 
that lack fully formed tertiary interactions (70), and are stabilized by molecular crowders that 
non-specifically favor compact 3D conformations (71,72). In a unique case, a segment of the 
HIV-1 genome RNA was shown to adopt a well-defined solution structure despite not having 
well-defined tertiary contacts (73). These observations are consistent with secondary structure 
providing an inherent source of 3D folding specificity. Although not explored here, we note that 
topological constraints could also play important kinetic roles in RNA folding. For example, 
progressive formation of helices and accompanying topological constraints could bias folding 
along specific pathways (74,75). 
Clearly, topological constraints operate only on a coarse level. Other forces, including 
electrostatics and sequence-specific attractive interactions, must be considered in order to 
achieve an atomistic level of understanding of RNA structure and dynamics. The assumption of 
fixed RNA secondary structure used in our study also makes it difficult to explore 
thermodynamic coupling between secondary structure and tertiary structure folding. However, 
the additivity of free energy ensures that the specificity and cooperativity encoded by topological 
constraints will translate to real RNAs. For promiscuous tertiary interactions, the differential 
energetic costs posed by topological constraints could be a primary factor in determining the 
folding outcome.  
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4.5 Conclusions  
In this Chapter, we used TOPRNA to probe the thermodynamic contributions of 
topological constraints towards defining the 3D architecture and dynamics of tRNA. We 
demonstrated that topological constraints strongly limit tRNA’s four-way junction to 
~6% of its theoretically possible interhelical conformations. Furthermore, topological 
constraints impose up to ~6 kcal/mol energetic penalties on forming different tertiary 
contacts. Strikingly, these variable free energy penalties appear to be harnessed by tRNA 
to discriminate against formation of non-native tertiary contacts, providing a sequence-
independent source of folding specificity. Indeed, these penalties make it such that tRNA 
global 3D structure can be predicted simply by maximizing long-range interloop packing.  
We also demonstrate that topological constraints give rise to long-range 
correlations between the relative orientation of tRNA’s helices, which in turn provides a 
mechanism for encoding thermodynamic cooperativity between distinct tertiary 
interactions. Such cooperativity has long been observed and known to be important to 
RNA tertiary folding, but its basis unclear. The correlations between tRNA helices also 
make it such that only several tertiary interactions are needed to confine tRNA to its 
native global structure and specify functionally important 3D dynamics.  
Finally, in agreement with prior experimental data, we showed that disrupting 
topological constraints should destabilize tRNA molecules. Moreover, we showed that 
tRNA junction architectures that have reduced topological constraints are evolutionarily 
disfavored, whereas naturally occurring variations of tRNA secondary structure preserve 
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topological constraints. This suggests that topological constraints underlie the 
evolutionary conservation of tRNA secondary structure.  
Taken together, our results demonstrate that secondary-structure-encoded 
topological constraints play a central role in stabilizing and specifying RNA tertiary 
structure and dynamics. 
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Chapter 5: Evidence for a Central Role of Topological Constraints 
in a Pathogenic Mitochondrial tRNA Mutation 
 
This chapter has been adapted from the publication: 
Mustoe, A. M., Liu, X., Lin, P., Al-Hashimi, H. M., Fierke, C. A., and Brooks, C. L. III. (2014) 
Pathogenic insertion mutation destabilizes human mitochondrial tRNASer(UCN) by 
disrupting its topological constraints, in preparation. 
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5.1 Introduction 
In Chapter 4 we demonstrated that topological constraints play a central role in encoding the 
specificity, stability, and cooperativity of tertiary folding in canonical cytosolic (cc-tRNA). 
Furthermore, we showed that small changes to the secondary structure of the tRNA four-way 
junction could significantly disrupt topological constraints and their favorable contributions to 
folding, which we predicted should destabilize such mutant tRNAs. Correlating with this 
observation, secondary structures that disrupt topological constraints are evolutionarily 
disfavored, whereas alternative junction architectures that conserve tRNA’s topological 
constraints are evolutionarily allowed. 
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 While Chapter 4 investigated the most common natural variants of tRNA secondary 
structure, mitochondrial tRNAs (mt-tRNAs) can exhibit more radical deviations from the 
canonical cloverleaf structure (1,2). mt-tRNAs are encoded by the mitochondrial DNA (mt-
DNA),  and along with the mitochondrial ribosome, are responsible for translating 13 mt-DNA-
encoded proteins that are essential components of the electron transport chain (3). Compared to 
cc-tRNAs, mt-tRNAs often lack multiple universally conserved tertiary interactions and have 
secondary structures with shortened interhelical linkers (1,2). However, in what has been a long-
standing puzzle in the RNA folding community, mt-tRNAs are still able fold to near-canonical 
3D structures.  
Our studies of cc-tRNA lead to the straightforward prediction that the reduced 
interhelical linker length of mt-tRNAs should increase their topological constraints. In turn, we 
hypothesize that greater topological constraints may more strongly bias mt-tRNAs towards their 
native 3D structures, compensating for a decreased number of tertiary interactions. An excellent 
 
 
Figure 5.1: Structure of human mt-tRNASer(UCN) 
(A) Secondary structure of human mt-tRNASer(UCN) and the location of the pathogenic insG mutation. Secondary 
structure regions that differ from cc-tRNA are drawn in red. Gray and orange lines indicate tertiary interactions 
inferred from the tRNAPyl crystal structure. Tertiary interactions shared by cc-tRNA are shown in gray, and novel 
interactions are shown in orange. (B) Secondary structure of yeast tRNAPhe (cc-tRNA). Conserved tertiary 
interactions missing in mt-tRNASer are shown in orange. (C) Superposition of TOPRNA representations of the cc-
tRNA (gray) and tRNAPyl (red) crystal structures.  
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system for testing this hypothesis is the relatively well-studied mammalian mt-tRNASer(UCN) 
(hereafter referred to as mt-tRNASer) (4-7), which is highly similar to the rare cytosolic 
pyrolysine tRNA (tRNAPyl) found in ~20 bacteria and archea species (8,9). These tRNAs differ 
in several significant respects from cc-tRNAs (Figure 5.1). The A/D-loop is only one nucleotide 
(nt) long, compared to 2-nts in all other tRNA species. The non-canonical base pair atop the AC-
stem is also typically replaced with a canonical base pair, and the V-loop is shortened from four 
or five nucleotides to three (1,9,10). As revealed by the crystal structure of tRNAPyl (11), these 
unique secondary structure features preclude these tRNAs from forming several normally critical 
tertiary pairs and base triples (Figure 5.1). Nevertheless, biophysical studies of bovine mt-
tRNASer(UCN) and archaeal tRNAPyl transcripts have shown that these molecules stably fold, albeit 
less stably than cc-tRNAs (5,8).  
Intriguingly, a mutation that we predict should disrupt the topological constraints of mt-
tRNASer is also known to be pathogenic in humans. Formally termed the 7472insC mutation but 
hereafter referred to as the insG mutation, this mutation lengthens the polyG tract that terminates 
in the V-loop of human mt-tRNASer (Figure 5.1), and has been shown to cause deafness, 
progressive encephalomyopathy, and MERFF (myoclonic epilepsy with ragged red fibers) (7,12-
14).  Consistent with a pathogenic mechanism involving destabilization of tertiary structure, 
prior studies showed that the insG mutation leads to impaired transcript processing and a 
decrease in mt-tRNASer mitochondrial concentration by 65% (6,15,16). Enzymatic probing 
revealed no changes in the mutant’s secondary structure (6), and it is thus hypothesized that the 
mutation destabilizes tertiary structure. One proposal is that the inserted G is accommodated into 
the T-loop, which in turn disrupts the T-loop’s highly conserved local structure and 
correspondingly its ability to form long-range tertiary pairs with the D-loop (12). However, such 
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a disruption is likely to destabilize the mutant by more than 65% given that disrupts . The 
inserted G could be equally well accommodated into the V-loop, which would disrupt 
topological constraints and thus potentially destabilize 3D structure. 
Here, we test these hypotheses using TOPRNA simulations and UV melting experiments. 
Our simulations indicate that the topological constraints of mt-tRNASer’s unique secondary 
structure greatly reduce the entropic cost of tertiary folding, thereby stabilizing the molecule and 
compensating for its decreased number of tertiary interactions. Furthermore, experiments and 
simulations demonstrate in quantitative agreement that the pathogenic insG mutation destabilizes 
mt-tRNASer tertiary structure by disrupting its topological constraints, thus providing the first 
example of a topological-constraint-based disease mechanism. 
 
5.2 Materials and methods 
5.2.1 TOPRNA Simulations 
Simulations were performed using TOPRNA2, a modified version of the original TOPRNA 
force field that corrects a bias in the backbone dihedral applied to base-paired residues that 
favored undertwisting of helices (see Appendix D.1). Initial coordinates of WT, insN, and 
insNN mt-tRNASer were obtained using the -init option of the toprnaCreate.pl software 
(brooks.chem.lsa.umich.edu). Langevin dynamics temperature replica exchange simulations 
were performed in CHARMM (17) using the MMTSB toolset (18) for a total of 109 dynamics 
steps, using a 20 fs timestep, 5 ps-1 friction coefficient, and 8 temperature windows spanning 300 
to 450 K. The first 2×106 simulations steps were discarded as equilibration. Exchanges were 
attempted every 2000 dynamics steps, with exchange rates varying between 42-45% for all 
simulations. All other simulation parameters were set as previously described in prior Chapters. 
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5.2.2 Simulation Analysis 
Analysis was restricted to conformations sampled at 300 K. Interhelical Euler angles were 
measured as described in previous chapters, using the three base pairs below the G26-U44 pair as 
the AC-stem reference to facilitate comparisons to cc-tRNA and mt-tRNASerG26U44 simulations. 
The fraction of interhelical conformations sampled was computed by binning on a 60° grid. 
Distances in Euler angle space were computed as the amplitude of the single axis rotation needed 
to convert a given interhelical (αh, βh, γh) angle to the value measured in the crystal structure, as 
described in Section 1.4.3. The D- and T-loops were considered to be in contact if the S-beads 
from at least one pair of residues were within 14 Å. Interhelical stacking was evaluated as 
described in Section 4.2.5. RMSDs were computed using P-beads, excluding the 3’-A/GCCA 
and V-loops. 
 Additional calculations of 
€ 
ΔGfoldtopo using orthogonal metrics ensured that our estimates 
were independent of the specific definition of native structure used (not shown). In place of the 
modified Tyagi and Mathews criteria (19) for defining stacking, we assessed whether the (αh, βh, 
γh) angles between the D- and AC-stems and T- and A-stems were within 30° single axis 
rotations of the values observed in the 6TNA and 2ZNI crystal structures. To assess whether the 
D- and T-loops could form contacts, we superimposed each TOPRNA conformation on the 
crystal structure using the D-stem and then computed the (x,y,z) coordinates of the closing base-
pair of the T-stem. If these coordinates were within 15 Å of the coordinates observed in the 
crystal structure than we considered the TOPRNA conformation to possess D-to-T-loop contacts. 
 The 500 best-packed conformations of each molecule were identified as described in 
Section 4.2.6, with εs and εl scaling parameters set to -3.5 and -0.6 kcal/mol. Stacking 
interactions were evaluated between the A- and D-stems, D- and AC-stems, and T- and A-stems. 
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The native-specificity of the best-packed ensemble was similar computed as described in Section 
4.2.6.   
 
5.2.3 Preparation of human mt-tRNASer(UCN) constructs 
The human mt-tRNASer(UCN) gene was subcloned into a pUC18 plasmid to prepare DNA 
templates for transcription by T7 RNA polymerase in two steps. First, the mt-tRNASer(UCN)  gene 
containing the native sequence of the 5’ leader,  body, and 3’ trailer was amplified by PCR using 
0.04 unit/µL PfuTurbo® DNA polymerase (Stratagene), 0.2 mM dNTPs (Life Technologies), 4 
ng/µL mitochondrial genomic DNA template extracted from HEK293 cells (mitochondrial DNA 
isolation kit, BioVision), and 0.5 µM primers (forward primer: 5’-TAA TAC GAC TCA CTA 
TAG ACA AAG TTA TGA AAT GGT TTT TCT AAT AC-3’; reverse primer: 5’-CAC CAT 
CTA GAC AAA AAA GGA AGG AAT CG-3’). The PCR reaction cycles were: (1) 
denaturation at 95 ˚C for 2 min, (2) 30 cycles of denaturation at 95 ˚C for 1 min, annealing at 
55.5 ˚C for 30 sec, and elongation at 72 ˚C for 1 min, and (3) a final elongation step at 72 ˚C for 
10 min. The PCR product was ligated into a pUC18 vector digested by SmaI restriction enzyme 
(New England Biolabs) and transformed into XL1Blue competent cells for blue-white selection 
using a LB-agar plate top dressed with Isopropyl β-D-1-thiogalactopyranoside (IPTG, Fisher 
Scientific) and 5-bromo-4-chloro-indolyl-β-D-galactopyranoside (X-gal, Fisher Scientific). 
White colonies were picked for extraction of plasmid DNA (QIAprep Spin Miniprep Kit, 
Qiagen) and the sequence of the yielding plasmid (pre-mt-tRNA36-5) was confirmed by 
sequencing using a M13-Forward primer (University of Michigan Sequencing Core). Second, the 
final a plasmid containing the human mt-tRNASer(UCN) gene and a T7 promoter sequence was 
constructed by amplification of the tRNA gene plus a CCA sequence (BstNI restriction site) 
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from the pre-mt-tRNA36-5 plasmid by PCR as described above using the forward primer 5’-
TAA TAC GAC TCA CTA TAG TTT TGA AAA AG- CAT GGA GGC-3’ and reverse primer 
5’-CAA AAA AGG AAG GAA TCG AAC C-3’, followed by blunt-end ligation into a SmaI 
digested pUC18 vector, blue-white selection, and sequencing by the M13-Forward primer 
(University of Michigan Sequencing Core).  
Insertion mutant plasmids were obtained by site-directed mutagenesis of the WT  plasmid 
using forward primers 5’-GGC TTG AAA CCA GCT TTX GGG GGG TTC GAT TC-3’, and 
reverse primers 5’-GAA TCG AAC CCC CCX AAA GCT GGT TTC AAG CC-3’, where X=A, 
C, G, U or CC, UU. The PCR cycles were: (1) denaturation at 95 ˚C for 2 min, (2) 18 cycles of 
denaturation at 95 ˚C for 1 min, annealing at 55 ˚C for 1 min and elongation at 68 ˚C for 6 min, 
and (3) a final elongation step at 68 ˚C for 10 min. The PCR product was treated with 0.4 unit/µL 
DpnI restriction enzyme (New England Biolabs) prior to transformation into XL1Blue cells for 
plasmid extractions. Insertion mutant plasmid sequences were confirmed by DNA sequencing 
using a M13-Forward primer (University of Michigan Sequencing Core).  
The DNA templates for in vitro run-off transcription of WT and insertion mutants were 
prepared by digestion of the corresponding plasmids by the BstNI restriction enzyme (New 
England Biolabs). RNA was transcribed in the presence of 4 mM NTPs (Sigma), 0.1 µg/µL T7 
RNA polymerase, 0.8-1 µg/µL linearized DNA template, 1 mM spermidine (Sigma), 5 mM DTT 
(Sigma), 2 µg/mL pyrophosphatase (Roche), 50 mM Tris–HCl (pH 8.0) and 20 mM MgCl2, 
incubated at 37 °C for overnight, and purified by 10 or 12% denaturing polyacrylamide/bis gel 
containing 7 M urea. RNA was eluted from gel slices in TESN buffer (10 mM Tris, pH 8, 1 mM 
EDTA, 0.1% SDS, and 500 mM NaCl) at 4 °C overnight followed by buffer-exchange into TEN 
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buffer (10 mM Tris, pH 8, 1 mM EDTA, and 500 mM NaCl) by Amicon (10,000 MWCO, 
Millipore) at 4 °C and ethanol precipitated. 
 
5.2.4 UV Melting and CD Experiments 
Concentrated RNA was diluted to into a lightly buffered water solution containing ~0.01 mM 
EDTA and 0.1 mM Tris (pH 7.2), denaturated at 95° C for two minutes, refolded at room 
temperature for 15 minutes, followed by addition of 5× concentrated folding buffer and 
incubation at room temperature for 30 minutes. Final solution conditions consisted of 0.5 µM 
RNA, 0.01 mM EDTA, 0.1 mM Tris, 150 mM NaCl, 20 mM Na-cacodylate (pH 7.2), and either 
2 mM or 5 mM MgCl2. For melting experiments, the solution was topped with 50 µL of mineral 
oil to prevent evaporation. Melts were performed at a rate of 0.5°C/min from 15 to 90°C 
monitoring absorbance at 260 nm on a Cary 100Bio UV/Vis spectrophotometer. Derivatives 
were obtained by subtracting the buffer baseline, normalizing to the absorbance at 15°C, and 
computing the slope of the linear least-squares fit to all data points within a ±3° C temperature 
window (20). Experimental replicates showed good agreement (not shown).  
Global Melt Fit (GMF) provided by D.E. Draper (Johns Hopkins) was used to obtain 
melting enthalpies and temperatures of the WT, insA, insU, insG, and insUU mt-tRNAs utilizing 
custom python wrapper scripts to interface with the GMF fitting routine (20). Curves were fit 
assuming four sequential transitions, which yielded a total ΔH of unfolding of 200-260 kcal/mol 
consistent with expectation based on nearest neighbor stacking rules. ΔH and ΔAbs of all 
transitions were required to be >0 for the fit to be considered successful. In multiple cases, 
including WT at 5 mM MgCl2, the low temperature peak could be fit by either a single transition 
or two closely spaced transitions, with the χ2 of the fit using two transitions for the low 
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temperature peak sometimes as much as fivefold better than when fit by a single transition. 
However, such fits were generally less reproducible. Moreover, the low Tm predicted by these 
fits was <30° C for all molecules, which contradicts NMR evidence collected on the highly 
similar bovine mt-tRNASer that tertiary structure melts above 37° C at similar solution conditions 
(0.5 mM tRNA, 10 mM Na-cacodylate (pH 6.5), 150 mM NaCl, 10 mM MgCl2) (5). Given that 
all curves could be satisfactorily fit using a single transition to model the first peak, and that the 
most parsimonious model is that all the tRNAs should have similar melting behavior, we thus 
excluded such “two first-transition” fits from our analysis. Note that with this choice, the 
parameters of the first transition were invariant if the melting curve was refit assuming only three 
sequential transitions instead of four (not shown).  
 
5.3 Results 
5.3.1 Topological constraints stabilize WT mt-tRNASer(UCN)  
To explore whether topological constraints of the unique secondary structure of WT mt-tRNASer 
help stabilize tertiary structure relative to cc-tRNA, we performed extensive temperature replica 
exchange simulations of an updated version of the TOPRNA coarse-grained model (Appendix 
D.1, Figure D.1). As in prior Chapters, we analyzed the global conformations sampled by our 
simulations using three sets of Euler angles, (αh, βh, γh), to describe the simultaneous pairwise 
orientations between the A-, D-, and T-stems and the AC-stem (Figure 5.2A). Counting the 
number of unique 9D-angles sampled in turn allows us to estimate the degree to which 
topological constraints restrict the mt-tRNASer conformational ensemble. Consistent with our 
expectations, the shorter A/D- and V-loops place significantly greater constraints on mt-tRNASer 
conformation compared to cc-tRNA, with it sampling only 2.5% compared to 5.7% of possible 
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interhelical conformations (Figure 5.2B). In Chapter 4 we showed that one of the primary 
mechanisms through which topological constraints restrict cc-tRNA conformation is by coupling 
the orientation of all four tRNA helices together, giving rise to long-range correlated motions. 
Consistent with this explanation, we find that helices in mt-tRNASer are 10-90% more correlated 
than in cc-tRNA (Figure D.2).  
We next examined whether the greater topological constraints of WT mt-tRNASer bias the 
molecule towards native-like conformations. In particular, we computed the probability Pnat of 
mt-tRNASer and cc-tRNA sampling native-like 3D conformations in our simulations, which is 
directly related to the topological constraint contribution to the free energy of folding through 
 
Figure 5.2: Greater topological constraints bias mt-tRNASer towards native structure 
(A) Representative snapshot from a TOPRNA simulation of mt-tRNASer illustrating the Euler angle representation 
of the interhelical orientation between the AC-stem (red) and D-stem (blue). Similar angles can also be measured 
between the AC-stem and A-stem (green) and D-stem (purple) (not shown). Loops, which are treated as freely 
rotatable chains by TOPRNA, are colored gray. (B) The fraction of theoretically possible interhelical (αh, βh, γh) 
states sampled by TOPRNA simulations. (C) Differences in the topological constraint contribution to folding free 
energy ΔΔGfold, topo = ΔGfold, topo(i) -  ΔGfold, topo(WT). Values and error bars represent the mean and standard deviation 
of ΔΔG computed by block averaging over thirds of the simulations. (D) Fraction of the 500 best-packed 
conformations from each tRNA simulation that have non-native contacts (gray) or that have D-to-T-loop contacts 
and both interhelical stacks (red). The fraction of conformations with both native interactions is weighted by 
conformational entropy based on how many structurally similar conformations are in the best-packed ensemble. 
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€ 
ΔGfoldtopo = −kBT ln
Pnat
1− Pnat
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
              [5.1] 
As TOPRNA lacks attractive interactions, our simulations spend the majority of their time in 
extended conformations and Pnat is exceedingly small; depending on the metric used to define 
native-like structure, Pnat ranged from 10-2 to 10-5. 
€ 
ΔGfoldtopo is hence large and positive for both 
molecules, reflecting the entropic penalty of folding that must be offset by favorable tertiary 
interactions. Strikingly, however, we find that the 
€ 
ΔΔGfoldtopo (T = 300 K) between cc-tRNA and 
mt-tRNASer is as large as 2.5 kcal/mol (Figure 5.2C, D.3), indicating that topological constraints 
stabilize mt-tRNASer by this amount. Notably, this is comparable to the favorable free energy 
provided by one to two tertiary base pairs (21) and strongly supports the hypothesis that 
topological constraints help compensate for the decreased number of tertiary interactions in mt-
tRNASer. 
In estimating Pnat above for mt-tRNASer and cc-tRNA to obtain 
€ 
ΔΔGfoldtopo=2.5 kcal/mol, 
we required that TOPRNA-sampled conformations satisfy both local and global features of 
tRNA native structure to count as native. Specifically, native-like conformations were defined as 
those having <10 Å RMSD from the crystal structure and also possessing contacts between the 
D- and T-loops and both native interhelical stacks. As an alternative measure of global structure 
in place of RMSD, we also computed Pnat requiring that all interhelical (αh, βh, γh) angles are 
within 60° of their crystal structure value. In theory, the 
€ 
ΔΔGfoldtopo  should be independent of the 
metric used to compute Pnat, which we observe for the two different definitions of global 
structure. Interestingly, however, the 
€ 
ΔΔGfoldtopo  between mt-tRNASer and cc-tRNA decreases to 
~1.5 kcal/mol if Pnat is computed using only a global definition of native structure, ignoring 
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whether tertiary interactions are formed (Figure 5.2C). This difference in 
€ 
ΔΔGfoldtopo  depending on 
whether formation of tertiary interaction is included in the native definition indicates that 
topological constraints stabilize mt-tRNASer by two mechanisms. First, greater topological 
constraints reduce the cost of forming native-like interhelical conformations relative to cc-tRNA. 
Second, once the helices have adopted near-native orientations, the shorter connecting loops of 
mt-tRNASer restrict the translational freedom of the helices, reducing the entropic cost of 
bringing the D and T-loops into proximity. The shorter loops also reduce the cost of stacking by 
restricting the ability of mt-tRNA helices to adopt non-stacked conformations (Figure D.3). 
The above analysis reports on the energetic cost of each tRNA forming the native 
structure. Another important aspect of the folding energy landscape is whether or not the tRNAs 
can form competing tertiary folds, or in other words, the specificity of the folding landscape. 
Indeed, we showed in Chapter 4 that topological constraints contribute significantly to cc-tRNA 
folding specificity by preventing formation of non-native tertiary folds. We thus assessed 
whether the greater constraints of mt-tRNASer also increase its folding specificity. As before, we 
identified the 500 conformers sampled by TOPRNA that have the best inter-loop packing (and 
thus potential to form putative tertiary interactions). Notably, only 0.4% of mt-tRNASer 
compared to ~12% of cc-tRNA best-packed conformers possess non-native tertiary contacts 
(Figure 5.2D). Additionally, the degree to which individual conformers are close in structure to 
other best-packed conformers provides a relative measure of their conformational entropy. We 
find that near-native 3D conformations of mt-tRNASer have significantly higher entropies than 
cc-tRNA (Figure D.4), which we summarize using the entropy-weighted fraction of best-packed 
conformers that possess both D-to-T-loop contacts and interhelical stacking interactions (Figure 
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5.2D). Thus, mt-tRNASer topological constraints both lower the cost of forming native 
interactions (
€ 
ΔGfoldtopo) and increase the energy gap between native and non-native folds. 
The mt-tRNASer simulation analyzed above treated the G26-U44 base pair as a permanent 
feature of secondary structure (Figure 5.1A). Although WC or GU pairing is preferred at this 
position in the majority of mt-tRNASer and tRNAPyl species, A+C, AA, or GA pairing also occurs 
frequently (1,9,10). To determine the contribution of pairing between residues 26 and 44 to our 
above results we performed an additional TOPRNA simulation of mt-tRNASer where these 
residues were treated as single strands. Compared to when G26-U44 is paired, the mt-
tRNASernoBP simulation samples ~50% more interhelical conformations (Figure D.5). The 
€ 
ΔGfoldtopo 
of mt-tRNASernoBP is also greater by ~1 kcal/mol, and folding specificity is reduced ~5% (Figure 
D.5). However, relative to cc-tRNA, mt-tRNASernoBP is still stabilized by ~1.5 kcal/mol. These 
results support that the entire junction architecture is responsible for the topological constraint 
stabilization of mt-tRNASer. The stabilization afforded by G26-U44 pairing is also consistent 
with the evolutionary preference for WC/GU pairs at this position. 
 
5.3.2 The insG mutation destabilizes mt-tRNASer by disrupting its topological constraints 
We next explored whether the insG mutation disrupts the ability of topological constraints to 
stabilize mt-tRNASer, thereby explaining its pathogenicity. Consistent with our hypothesis, a 
TOPRNA simulation of mt-tRNASer with an insN mutation in the V-loop samples ~16% more 
interhelical conformations than the WT simulation (Figure 5.2B). (Note that we use the insN 
notation to emphasize that our simulations are independent of inserted nucleotide identity). 
Likewise, the interhelical correlations of the insN mutant are ~1-20% decreased compared to WT 
(Figure D.2).  
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Significantly, this reduction in topological constraints is accompanied by a ~0.6 kcal/mol 
increase in the 
€ 
ΔGfoldtopo  of the insN mutant compared to WT, and a 50% decrease in folding 
specificity (Figure 5.2, D.3, D.4). This is a consequential destabilization of mt-tRNASer given its 
expected instability (5). Indeed, destabilizing mt-tRNASer by 0.6 kcal/mol should decrease its 
folded population by ~65%, which remarkably matches the 65% decrease in insG mutant 
concentration observed in cells (15). An analogous insA mutation was also shown to reduce the 
in-cell activity of the related tRNAPyl by 83% (22), consistent with our expectation that the insN 
mutation should destabilize such tRNAs in a sequence independent manner. Interestingly, this 
destabilization is due to an increased energetic cost of forming tertiary contacts, as near-native 
global 3D conformations are formed with similar energies (Figure 5.2C). Consistent with the 
insN mutant’s decreased interhelical correlations (Figure D.2), ~0.2 kcal/mol of this increase is 
due to a loss of cooperativity among the interhelical stacks and D-to-T-loop contacts (Figure 
D.3). Thus, in part due to decoupling of the helices, greater conformational freedom near the 
native-state increases the entropic cost of forming tertiary interactions in the mutant. Simulations 
of the insN mutant without a G26-U44 base pair also demonstrated similar decreases in 
topological confinement, 
€ 
ΔΔGfoldtopo  between mutant and WT, and folding specificity (Figure D.4). 
To further establish the trend between topological constraints and folding, we also 
performed simulations of an insNN V-loop mutant of mt-tRNASer (Figure 5.1A). As expected, 
these simulations revealed that the insNN mutant has further decreased topological constraints, 
energetic cost of folding, and folding specificity (Figure 5.2, D.2, D.3, D.4). Similar results were 
also observed for an insNN simulation performed without a G26-U44 base pair (Figure D.5). 
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5.3.3 Melting experiments reveal destabilization of insertion mutants in quantitative 
agreement with TOPRNA predictions 
Our simulations make several strong predictions regarding mt-tRNASer stability: (i) Single and 
double insertions in the V-loop should destabilize tertiary structure by ~0.6 kcal/mol and ~1.2 
kcal/mol at 300 K, respectively. (ii) This destabilization should be independent of the identify of 
the inserted nucleotide(s), assuming that like the insG mutation (6), the insertion does not cause 
secondary structure misfolding. (iii) This destabilization should be directly related to an increase 
in the entropic cost of folding for the mutants. Notably, from this last prediction we can derive 
the expected decrease in melting temperature (Tm) of the mutants. As detailed in Appendix D.2, 
if the folding enthalpies of the mutant and WT are identical than the Tm of the two tRNAs can be 
related through  
.         [5.2] 
ΔSfold, 3Dconf, the change in 3D conformational entropy upon folding, can be estimated directly 
from our simulations. For TmWT≈45° C, these calculations predict that the Tm of the insN and 
insNN mutants should be decreased by 8° C and 15° C, respectively (Figure D.6).  
 To test these predictions, we used in vitro transcription to prepare WT, insG, insC, insU, 
insA, insCC, and insUU human mt-tRNASer(UCN) constructs and characterized their folding 
stabilities by UV melting experiments. Experiments were done at both near-physiological (2 mM 
MgCl2; 150 mM NaCl) and ‘stabilizing’ (5 mM MgCl2; 150 mM NaCl) solution conditions. At 
both conditions, the WT transcript exhibits a pronounced cooperative melting transition at 40 or 
45°C followed by multiple subsequent broad transitions at higher temperatures (Figure 5.3A, B). 
! 
TmWT"S fold , 3DconfWT # Tmmut"S fold , 3Dconfmut
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The increase in melting temperature with MgCl2 concentration is consistent with the expected 
stabilizing effects of MgCl2, and both the shape and Tm of these transitions are in good 
agreement with prior UV melting studies of the highly similar bovine mt-tRNASer(UCN) transcripts 
(5). NMR melting studies of the bovine transcript further demonstrated that the first transition 
corresponds to tertiary structure melting coupled with some loss of D-stem and T-stem structure 
(5). We thus also assign the low Tm of 40 and 45°C to tertiary structure melting. 
 Significantly, the insG, insA, and insU mutants exhibit similar melting curves, yet with 
the tertiary structure Tm decreased 6-9°C compared to WT, and decreased 11°C for the insUU 
 
 
Figure 5.3: UV melting experiments verify that insertion mutants destabilize mt-tRNASer 
(A,B) Derivative of absorbance at 260 nm of mt-tRNASer species in the presence of 2 mM MgCl2 (A, C, F) or 5 mM 
MgCl2 (B, D, G). All melts were performed in a background of 20 mM sodium cacodylate (pH 7.2) and 150 mM 
NaCl. Curves of different molecules are colored according to the key in (A). (C, D) Tertiary structure melting 
temperatures determined from van’t Hoff fits to melting curves. Error bars represent estimated 1° C error. Bars are 
colored by mutant according to (A). TOPRNA predicted values, in reference to the WT Tm, are shown with open 
bars and represent the mean of the different ΔTm estimates in Figure S6. (E) Example van’t Hoff fit to the WT 
mutant at 2mM MgCl2. The different transitions are colored, the baseline in gray, and the overall fit in black. (F, G) 
ΔGfold determined from van’t Hoff fits extrapolated to 300 K. Color scheme is the same as in (C, D).  TOPRNA 
predictions are referenced to the insUU ΔGfold. (H) Melting curves of insC and insCC mutants at 5mM MgCl2. WT, 
insG, and insUU melting curves are shown by lines colored according to the key in (A) for reference. 
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mutant (Figure 5.3). These values are in remarkable agreement with the 8°C and 15° C 
decreases estimated from our simulations (Figure 5.3C, D); given the extremely coarse-grained 
nature of TOPRNA and the many approximations used to derive the ΔTm estimates, we consider 
differences of several degrees to be well within the expected error of our predictions. While the 
insG, insA, and insU melting curves differ slightly, their gross similarities strongly support that 
topological constraints are the primary driver of the mutants’ instability. Interestingly, the 
insertion mutants also melt less cooperatively than the WT transcript (Figure 5.3A, B). While 
this is consistent with the observation above that the mutants should fold less cooperatively, we 
caution that the derivative of absorbance reflects on the total loss of base stacking versus tertiary 
structure melting per se. Equally plausible is that dA/dT is lower in the mutants because more 
residual base stacking is maintained at the lower Tm.  
We further used a van’t Hoff analysis to extract thermodynamic parameters of the tertiary 
structure melting transition for the WT, insA, insU, insG, and inUU species (20). The melting 
curves were reasonably fit by a four-state sequential unfolding model (see Section 5.2.3), with 
the ΔH of the first transition ranging between 40-54 kcal/mol for all tRNAs, consistent with the 
expectation that this transition represents melting of tertiary structure and some D-stem and/or T-
stem base pairs (Figure 5.3E, Table D.1, D.2) (5). Strikingly, when used to derive the ΔGfold of 
tertiary structure at 300 K, this analysis reveals that the insA/G/U mutants are destabilized 0.8-
1.6 kcal/mol relative to WT, and the insUU mutant 1.7-2.0 kcal/mol (Figure 5.3F, G). Again, 
these values are remarkably close to our predictions that the ΔΔGfold should be 0.6 kcal/mol and 
1.2 kcal/mol, respectively. The ΔΔGfold≈0.6 kcal/mol between the insN and insUU mutants 
exactly matches our prediction. The larger than predicted ΔΔGfold between the WT and insN 
mutants may be due to distortions of tertiary structure hydrogen bonding or Mg2+ interactions 
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caused by the inserted nucleotides. Similarly, the differences in ΔGfold between the insA/G/U 
mutants can be easily explained by differences in the ability of the inserted nucleotide to be 
sterically accommodated and/or form hydrogen bonds in the folded state.  
 By contrast, the insC and insCC mutants lack a defined tertiary structure melting 
transition (Figure 5.3H). Both mutants appear to exhibit small shoulders near the predicted Tm’s 
of insN and insNN mutants, but these shoulders were poorly fit by a van’t Hoff analysis (not 
shown). We propose that this is due to secondary structure misfolding, perhaps involving 
mispairing between the inserted C and the complementary Gs atop the AC-stem (Figure 5.1A).  
 
5.4 Discussion 
How mt-tRNASer(UCN) and tRNAPyl can stably fold to near-canonical tRNA 3D structures despite 
their non-canonical architectures has long been poorly understood. Our results reveal that these 
tRNAs employ a unique mechanism where the entropic cost of folding is reduced by their more 
conformationally constrained secondary structure, thereby compensating for a fewer number of 
tertiary interactions. In particular, our simulations predict that increased topological constraints 
stabilize WT mt-tRNASer 3D structure by as much as -2.5 kcal/mol and also substantially 
increase folding specificity compared to cc-tRNA. In the insA, insU, and insG mutants, 
lengthening the V-loop by a single nucleotide destabilizes mt-tRNASer by 0.8-1.6 kcal/mol, 
leading to a 6-9° C decrease in melting temperature. A two nt insertion destabilizes the insUU 
mutant by 1.7-2.0 kcal/mol and decreases Tm by 11° C. The agreement between these 
experimentally measured values and those predicted by our simulations, as well as the sequence 
independence of the mutant destabilization, provides strong evidence that topological constraints 
are indeed responsible for these changes. 
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Importantly, our results provide new insight into why the insG mutation is pathogenic 
(Figure 5.4). Prior studies have found that mt-tRNASer concentration is decreased 65% in 
mitochondria when all mt-DNA plasmids contain the insG mutation, which presumably disrupts 
mitochondrial protein synthesis and hence cellular respiration (15). This decrease is primarily 
due to fast degradation of unprocessed or misprocessed transcripts (6,16). However, why the 
mutant is specifically degraded was unclear. Our data show that unmodified WT mt-tRNASer 
transcripts are only marginally stable, such that the destabilized insG mutant is primarily 
unfolded at physiological temperatures (Tm<37° C at near-physiological MgCl2 concentrations). 
Remarkably, the 0.8 kcal/mol destabilization we observe should decrease the folded population 
of mt-tRNASer by 65%, exactly the decrease observed in cells (15). Recent studies have shown 
that unstable cytosolic tRNAs are rapidly degraded by a rapid tRNA decay (RTD) surveillance 
pathway (23). We speculate that a similar mitochondrial pathway may be responsible for insG 
mt-tRNASer degradation. Although mt-tRNASer lacks the consecutive 5’-Gs shown to be 
important for cytosolic RTD, it possesses the requisite unstable acceptor stem (23). In support of 
an RTD-like mechanism, destabilizing mutations to the mt-tRNASer acceptor stem lead to similar 
reductions in mt-tRNASer mitochondrial concentration and pathogenic phenotypes (24,25). 
Finally, we note that the evolutionary appearance of insG and not insA/U/C mutations in the 
human population does not necessarily indicate that the former is more tolerable; insG mutations 
are naturally expected at a much higher frequency due to the adjacent homopolymeric G-tract 
(12,26).  
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We emphasize that the true measure of our simulations lies in their ability to predict 
overall destabilization trends rather than their exact quantitative agreement with experiment. 
Clearly, forces ignored by our simulations such as electrostatics and sequence specific attractive 
interactions play crucial roles in RNA tertiary folding (27,28), which is born out by the small 
sequence and MgCl2 stability variations we observe experimentally. It is also worth noting that 
the inherent instability of mt-tRNASer – Tm for most cc-tRNAs is >60° C compared to 45° C 
measured here (5) – makes it clear that greater topological constraints are insufficient to fully 
offset the significant loss of tertiary interactions in mt-tRNASer. A full understanding of RNA 
tertiary folding will require accounting for all aspects of the RNA free energy landscape, 
including secondary structure misfolding which we propose occurs in the insC and insCC 
mutants. Given these facts, we note that our near quantitative prediction of the mutant ΔTm is 
likely partially due to offsetting errors in our analysis, as we assumed that the TOPRNA 
 
Figure 5.4: Proposed pathogenic mechanism of the 7472insC mutation 
Maturation of the polycistronic mt-tRNASer transcript includes processing steps such as 5’-leader and 3’-trailer 
cleavage, CCA addition, and post-transcriptional nucleotide modifications that stabilize tertiary structure (red). The 
unstable transcript exists in equilibrium between folded and unfolded tertiary conformations, with only the folded 
conformation likely efficiently processed. In competition with maturation is a rapid decay pathway that degrades 
unfolded and misprocessed tRNAs. Given the weak A-stem of mt-tRNASer, we suggest that degradation may be 
promoted by 3’-CCACCA addition by the CCA-enzyme, as shown for cytosolic tRNAs (23). The insG mutation 
shifts the transcript equilibrium towards unfolded conformations (red arrows), leading to increased misprocessing 
and degradation (16). However, a fraction of mutants are fully processed, and once modified have similar stabilities 
as WT mt-tRNASer (6). 
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populations of different mt-tRNA conformations directly match the populations observed in the 
real system. Nevertheless, we underscore that our ΔΔGfold, topo estimates are assumption free, and 
due to the additivity of free energy, reflect a real component of the RNA free energy landscape 
(29,30).  
 Our results add to the growing body of literature showing that secondary structure, and 
topological constraints in particular, play a central role in RNA 3D folding (29-37). 
Significantly, our study is the first to experimentally measure the contribution of topological 
constraint to the folding free energy of a complex RNA molecule. Indeed, to our knowledge, our 
study is the first to quantitatively predict a priori the destabilizing effect that a secondary 
structure mutation will have on RNA tertiary folding. Extensive work on the hairpin ribozyme 
has demonstrated that its evolutionarily selected secondary structure reduces the entropic cost of 
folding (38-41), although the origins of this entropic stabilization were unclear. Combined with 
our results, we suggest that entropic stabilization by topological constraints may be a general 
design principle of RNA folding. Such a mechanism may be the critical bridge towards 
understanding tertiary structure stability, specificity, and ultimately rationally designing novel 
RNA folds.  
 
5.5 Conclusions 
In this Chapter, we have demonstrated that increased topological constraints encoded by the 
unique secondary structure of mt-tRNASer(UCN) decrease the entropic cost of folding by ~2.5 
kcal/mol compared to canonical tRNA, thereby compensating for mt-tRNASer(UCN)’s reduced 
number of tertiary interactions. Additional simulations show that the pathogenic 7472insC 
mutant of mt-tRNASer(UCN), which has a one nucleotide longer V-loop, experiences reduced 
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topological constraints and as a consequence is destabilized by ~0.6 kcal/mol relative to wild-
type. Strikingly, this decrease in stability is sufficient to fully account for the decrease in mutant 
mitochondrial concentration observed in cell-based assays, which is presumed to be the basis of 
pathogenesis. UV melting experiments further confirmed that insertion mutations lower mt-
tRNASer(UCN) melting temperature by 6-9°C and increase the folding free energy by 0.8-1.5 
kcal/mol in a largely sequence- and salt-independent manner, in quantitative agreement with our 
simulation predictions. Together, these results confirm that topological constraints make key 
contributions to the free energy of RNA tertiary folding and provide the first evidence of a 
pathogenic mutation that is due to disruption of topological constraints. 
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Chapter 6: Topological Constraints Provide a Basis for Tertiary 
Specificity, Cooperativity, and Hierarchical Folding in a Large RNA 
 
 
6.1 Introduction 
In Chapters 4-5, we showed that topological constraints play a key role in stabilizing and 
specifying tRNA tertiary structure. Topological constraints likely play similarly important roles 
in the folding of larger, more complex RNAs. In particular, as discussed in Chapters 1 and 4, 
many large RNAs reuse multiple of the same tetraloop/tetraloop-receptor (TL/TLR) tertiary 
interaction motif to stabilize their folds (Figure 6.1) (1). The other primary stabilizing tertiary 
interaction motifs found in large RNAs, so-called A-minor motifs, involves formation of base-to-
base and base-to-backbone hydrogen bonds between single-stranded A’s and Watson-Crick 
(WC) base-pairs with limited sequence specificity (2-4). Thus, neither the sequences of TL/TLR 
nor A-minor motifs provide a significant source of tertiary folding specificity. Furthermore, 
many large RNAs possess strong thermodynamic cooperativity between distinct tertiary 
interactions (5,6), and are stabilized by the addition of molecular crowders that non-specifically 
favor compact conformations (7,8). Together, these observations are consistent with topological 
constraints providing an underlying source of folding specificity and cooperativity.  
The principle system that has been used to study large RNA folding is the 
Tetrahymena Group I intron ribozyme, which was both the first catalytic RNA discovered and 
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the catalyst for the subsequent revolution in understanding RNA’s role in molecular biology (9). 
Other Group I intron species, in particular from Twort and Azoarcus, have also been extensively 
characterized (10). Group I introns as a class perform two consecutive transesterification 
reactions that require binding and alignment of the 5’ exon in the intron active site, cleavage of 
the 5’ exon by an exogenous gaunosine, conformational change that places the 3’ exon in the 
active site, and subsequent attack by the 5’ exon to ligate the 5’ and 3’ exon ends (11). These 
steps require Group I introns to adopt highly specific, complex 3D structures (Figure 6.1).  
All group I introns possess a highly conserved core consisting of P3 through P9 paired 
(P) regions that self-organize into two separate domains: P4-P5-P6 and P3-P7-P9 (12,13). The 
Azoarcus ribozyme shown in Figure 6.1 contains only these core elements and thus represents a 
 
Figure 6.1: Secondary structure and 3D structure of the Azoarcus ribozyme 
(A) Different secondary structure elements are colored and labeled. Important tertiary interactions are drawn as 
black dashed lines. (B) Crystal stucture of the Azoarcus ribozyme colored as in (A) (PDB 1U6B). 
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minimal group I ribozyme fold; in Tetrahymena and other species, additional ‘peripheral’ 
domains can extend from the core helices and buttress the core tertiary structure (14). The two 
core domains are topologically linked together by the central P3 pseudoknot, and the tertiary 
structure is stabilized by a network of base-triple, A-minor, and TL/TLR tertiary interactions 
(Figure 6.1) (12,14). The active site is located within the cleft between the two domains, 
centered at the top of P7, and the surrounding helices provide the necessary global scaffold to 
specifically recognize and align the exon substrates (12,14).  
Extensive studies of the group I intron tertiary folding have revealed both common 
themes as well as species-specific idiosyncrasies (10,15). Following the general hierarchical 
model of RNA folding, secondary structure folds first, followed by counterion-mediated collapse 
to a native-like compact intermediate, and finally, slower reorganization of the catalytic core. For 
most species, a large fraction of molecules becomes trapped in stable kinetic intermediates, 
which is thought to be due to local secondary structure misfolding in and around the P3 
pseudoknot (10,16). However, a reasonable proportion of the folding flux proceeds directly to 
the native state (10,15). From a topological constraint perspective, this suggests that native 
secondary structure, when correctly folded, helps prevent the formation of tertiary misfolded 
conformations. Further suggesting an important role for topological constraints in group I intron 
folding, studies of the Azoarcus ribozyme observed widespread thermodynamic cooperativity 
between distinct tertiary interactions (5). Interestingly, this cooperativity appears upon folding to 
native-like compact intermediates, before tertiary structure is fully formed. Topological 
constraints provide a logical basis for this observed cooperativity, and indeed Woodson and 
colleagues speculated as much (5). Finally, landmark studies by Michel and Westhof (12) 
observed that the secondary structure of the group I intron core posed strong constraints on 
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global 3D conformation, and in turn were able to use these constraints coupled with inferred 
tertiary interactions to accurately predict the intron 3D structure.  
In this Chapter, we use TOPRNA simulations to explore the role of topological 
constraints in large RNA folding using the Azoarcus ribozyme as a model system. Consistent 
with our observations on smaller RNAs, we find that topological constraints strongly limit the 
ribozyme’s 3D conformation, help encode tertiary structure specificity, and provide the basis of 
widespread thermodynamic cooperativity between tertiary interactions. We furthermore present 
evidence that topological constraints give rise to hierarchical folding behavior, which we 
speculate may be important for preventing formation of tertiary misfolded intermediates. 
 
6.2 Methods 
6.2.1 Azoarcus ribozyme simulation details 
All TOPRNA simulations were performed using the updated TOPRNA2 force field (Appendix 
D.1). Temperature replica exchange simulations were performed using 8 temperature windows 
from 300 to 400 K using the REPD module of CHARMM (17), with exchanges attempted every 
5000 dynamics steps. Exchange rates varied between 0.34 and 0.36. Unrestrained simulations 
were performed for a total of 5×109 dynamics steps and restrained simulations for 109 steps. All 
other simulation parameters were set as described in previous chapters. 
  Initial coordinates were obtained from chain B of PDB 1U6B (18) using the –fromc 
option of toprnaCreate.pl (brooks.chem.lsa.umich.edu), replacing the U1A protein binding site 
added for crystallization purposes with the natural tetraloop of the L-9 Azoarcus ribozyme. All 
base pairs drawn as solid colored lines in the secondary structure shown in Figure 6.1 were 
enforced as standard TOPRNA base pairs.  
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As described in more detail in Section 6.3.1, we also applied non-canonical pairing 
restraints to a selection of internal loop residues following the insight described in Chapter 2 
that internal loop motifs adopt fully non-canonically paired conformations. These non-canonical 
base pairs were either (a) inferred from the crystal structure, or (b) predicted using MC-Fold 
(19). The MC-Fold predictions were accomplished by imbedding the internal loop sequence and 
junction-closing base pairs into a well-defined hairpin and then choosing the predicted pairing 
with lowest energy that did not disrupt the junction-closing base pairs. Non-canonical base pairs 
were enforced as described in the TOPRNA documentation (brooks.chem.lsa.umich.edu). 
Briefly, an M bead is added to one of the participating residues to ensure the base pair fills the 
appropriate steric volume. The B beads of both residues are modified to feel the small attractive 
interaction to other paired B beads that all other paired B beads experience. Non-canonically 
paired residues are also given backbone dihedral potentials with Knc=¼Kc, where Kc and Knc are 
the force constants of canonically and non-canonically paired residues. Finally, flat-bottom NOE 
restraints are placed between the paired B beads with rmin=5.5 Å and rmax=7.5 Å, and between the 
S beads of the same residues with rmin=11 Å and rmax=14 Å, with fmax=kmin=kmax= 2 kcal/mol/Å2. 
The specific non-canonical base pairs enforced in the crystal-structure-inferred simulation are: 
C11-A21, A48-A78, A49-A77, A50-C76, U53-U73, A54-A72, A89-A112, G90-A111, U92-
U109, U139-U153, A140-A152, G173-A193, and A174-A192. The non-canonical pairs enforced 
in the MC-Fold-inferred simulation are: C11-A21, A48-A78, A49-A77, A50-C76, A54-U73, 
A55-A72, A88-A112, G90-A111, U92-U109, A140-U153, A141-A152, G173-A193, and A174-
A189.  
We also performed a third simulation where the backbone dihedrals of non-canonically 
paired internal loop residues were restrained to their crystal structure values. As an exception, the 
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backbone of the J5 and J8 11-nt receptors were restrained to the crystal structure of the free 11-nt 
receptor (PDB 1TLR (20)), which adopts a different apo conformation in the absence of a 
docked GAAA tetraloop. The applied restraints were given force constants of K=50 kcal/mol and 
had periodicity of 1. We note that the backbone of unpaired residues in internal loops were left 
unrestrained, with the exception of the J5 and J8 receptors where all internal loop residues were 
restrained to maintain the continuously stacked ‘zipper’ apo conformation.  
Tertiary restrained simulations were performed using similar procedures as described for 
restrained tRNA simulations in Chapter 4. L2/P8 interactions were enforced using NOE 
restraints between the S-beads of A16 to U139 and A152, and A18 to C138 and G154. L9/P5 
interactions were enforced using NOE restraints between the S-beads of A181 to A72 and U53, 
and A183 to C52 and G74. The triple helix was enforced by restraining the two backbone 
dihedrals separating P4 and P6 to their crystal structure values with K=50 kcal/mol, and placing 
NOE restraints between the S-beads of A39 to C87 and G113; A40 to C86 and G114; G116 to 
C43 and G83; and U117 to G44 and C82. All NOE restraints used fmax=kmin=kmax=2 kcal/mol/Å2, 
with rmin and rmax set to ±1 Å of the value measured in the crystal structure. 
 
6.2.2 Analysis 
Analysis was restricted to conformations sampled at 300 K, with the first 2.5×107 dynamics steps 
discarded as equilibration. Unless otherwise noted, RMSDs to the 1U6B crystal structure and 
radius of gyrations were computed using all P beads. Interhelical (αh, βh, γh) angles and mutual 
information were measured as described in Chapter 4.  
Well-packed folds were identified using a similar procedure as described in Chapter 4 
using the energy function E=nsεs+ nlεl. ns is the number of interhelical stacking interactions in a 
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given conformation, computed as described in Chapter 4 between P4 and P6, P3 and P8, and P7 
and P9. nl is the total number of loop-residue to loop-residue and loop-residue to helix contacts 
in the molecule, where a contact is defined as an inter-S-bead distance ≤14 Å, excluding contacts 
between residues less than five nucleotides apart or within the same structural element (i.e. both 
in J5). The inclusion of loop-residue to helix contacts differs from the procedure used in 
Chapter 4, where nl was computed using only loop-residue to loop-residue contacts. The choice 
was made to include loop-residue to helix contacts because, unlike tRNA, such contacts 
comprise the majority of tertiary interactions in the Azoarcus ribozyme. The scaling parameters 
were set to εs=-3.5 kcal/mol and εl=-0.1 kcal/mol, with εl adjusted relative to the value used for 
tRNA due to the change in how nl was computed. For completeness, we also identified the best-
packed folds using the same parameters as used for tRNA and observed no significant 
differences (not shown). The entropies of the best-packed folds were computed as described in 
equation [4.4], replacing the 10 Å RMSD radius in the denominator with 23 Å. The 23 Å value 
was chosen based on its status as the P=0.01 cutoff for structural similarity in 197 nt RNA (21).  
 
6.2.3 Isolated TL/TLR motif simulations 
Temperature replica exchange simulations of the isolated TL/TLR motif shown in Figure 6.7 
were performed using the same parameters used for the Azoarcus ribozyme simulations. The 
exchange rate between all replicas was 0.54. Initial coordinates were obtained using the –fromc 
option of toprnaCreate.pl, using the P5 hairpin of the Azoarcus crystal structure as the initial 
scaffold with all other structural elements generated by the toprnaCreate.pl initialization 
procedure. For the production simulations, backbone dihedral restraints were used to restrain all 
residues of the 11-nt receptor motif to their crystal structure values, using force constants of 50 
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kcal/mol and periodicity of one. Analysis was performed identically as it was for the full 
ribozyme. 
 
6.3 Results and Discussion 
6.3.1 TOPRNA simulations generate an experimentally reasonable unfolded ensemble of the 
Azoarcus ribozyme  
Our studies of bulges and tRNA molecules in Chapters 2-5 indicate that topological constraints 
strongly limit the 3D conformation of RNAs containing single junctions. However, for larger 
RNAs that contain multiple junctions, and hence possess many more degrees of freedom, the 
significance of topological constraints in governing molecular conformation is unclear. To 
explore the role of topological constraints in large RNA folding, we performed TOPRNA 
simulations of the Azoarcus ribozyme using 5×109 steps of temperature replica exchange 
molecular dynamics simulations. This unprecedented conformational sampling allows us to 
confidently map the constraints on the ribozyme and measure free energy differences as large as 
11 kBT between different conformations. 
Unlike  the molecules simulated with TOPRNA in previous chapters, the Azoarcus 
ribozyme contains multiple internal-loop two-way junctions. In Chapter 2, we showed that 
internal loop motifs have a strong tendency to fully non-canonically pair, effectively reducing 
them to bulges from a topological constraint perspective. By default, TOPRNA treats all residues 
not participating in canonical bases pairs as freely rotatable chains. Thus, in order to properly 
represent the constraints imposed by internal loops, it is necessary to infer and enforce non-
canonical pairing between internal loop residues. We performed two independent simulations 
either (i) enforcing internal loop non-canonical pairs observed in the crystal structure (18), or (ii) 
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enforcing non-canonical base pairs predicted by MC-Fold (19) from primary sequence. 
Additionally, a simulation was performed restraining backbone dihedrals of internal loops to 
their crystal structure values. In all three simulations, unpaired internal loop residues remained 
freely rotatable.  
Comparisons between the three different simulations revealed that the internal loop 
pairing scheme had a negligible effect on all molecular properties measured below (not shown), 
and we therefore limit our discussion to the simulation performed using non-canonical pairs 
inferred from the crystal structure. Thus, while the microscopic pairing arrangement of internal 
loop residues does in theory affect topological constraints (Chapter 2), these effects appear to be 
insignificant from a global structure perspective. This is an important result as one considers 
using TOPRNA to simulate RNA molecules with unknown internal loop pairings. It is also 
worth noting that while the Group I ribozyme internal loops are highly conserved, this is due to 
their role as docking sites for long-range tertiary interaction partners (1,12); their insignificance 
from a topological constraint perspective is thus not necessarily surprising.  
As expected, global analysis of our simulations revealed that that the ribozyme quickly 
‘unfolds’ from its initial crystal structure conformation, equilibrating to a highly heterogeneous 
ensemble of extended conformations (Figure 6.2). On average, the ribozyme has a mean radius 
of gyration (Rg) of ~42 Å, which compares to the Rg≈30 Å of the crystal structure. Thus, as 
expected from polymer physics (22), chain connectivity and steric repulsions pose a large 
entropic cost on adopting compact conformations, causing the molecule to swell considerably in 
the absence of attractive interactions. Notably, the Rg≈42 Å of our simulations is in good 
agreement with the radius of hydration RH≈40 Å measured by analytical centrifugation for the 
unfolded Azoarcus ribozyme at low solution salt concentrations (23) (Figure 6.2). This Rg value 
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also agrees with that obtained from a previous coarse-grained study of the unfolded Azoarcus 
ribozyme (23). While it is difficult to assess with certainty, the agreement between our 
simulation and experiment suggests that TOPRNA provides a reasonable picture of the unfolded 
ribozyme ensemble. The extended nature of unfolded RNAs at low salt concentrations is 
typically thought to be a result of electrostatic repulsion between helices (10,24,25). Our 
simulations, along with the previous study by Chen et al. (23), indicate that the extended 
conformation of unfolded RNAs can be just as easily explained by the high entropic cost of 
closely packing the molecule; electrostatic repulsion at low salt concentrations may offset 
favorable tertiary interactions, resulting in the energetically neutral scenario modeled by our 
simulations. This explanation mirrors our rationalization in Chapter 3 for why TOPRNA 
simulations reproduce experimental measurements made on bulges at low salt concentrations.  
 
6.3.2 Topological constraints encode long-range interhelical correlations  
To better characterize the effects of topological constraints on Azoarcus ribozyme conformation 
we followed the approach developed in prior chapters. Namely, we use Euler angles, (αh, βh, γh), 
to quantify the interhelical orientations sampled between pairs of helices across different 
 
Figure 6.2: RMSD and Rg of the TOPRNA simulation of the Azoarcus ribozyme 
 (A) All P-bead RMSD to the 1U6B crystal structure as function of temperature replica exchange attempt. (B) 
Radius of gyration histogram. The radius of hydration measured by measured by analytical centrifugation in the 
presence of 100 mM KCl is drawn as a dashed line (23). 
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junctions. In addition to the ribozyme’s much larger size, the interlocked three-way and four-way 
pseudoknotted junctions defined by P3, P4, P6, P7, and P8 represent a completely novel motif 
whose topological constraints have never before been quantified. Pseudoknots are important 
motifs in many RNA process, and are topologically distinct from other secondary structure 
elements; whereas strands enter and exit on the same end of a helix in a normal hairpin, in 
peusdoknots the strands enter and exit the helix on opposite ends (Figure 6.1). 
The fraction of total interhelical conformations sampled between different pairs of helices 
is shown in Figure 6.3A. In general, this analysis reveals that helices are as constrained on a 
pairwise basis as observed in canonical tRNA (Chapter 4). Helices linked by intervening single 
strands are less constrained due to relaxed steric constraints. For example, P2 and P9, which are 
linked by only 1-3 single-stranded nucleotides to the rest the molecule, are largely unconstrained 
and sample 82-87% of their possible interhelical orientations relative to their nearest helix. 
Similarly, helices within the central four-way junction pseudoknot sample ~80% of possible 
orientations when linked by intervening single strands, and ~45% when directly linked. Notably, 
however, helices in the three-way pseudoknot are much more constrained. P3 and P7, and P7 and 
P8, only sample 45-55% of their possible relative orientations despite being linked by three and 
six single-stranded residues, respectively. Moreover, P3 and P8 are confined to only 25% their 
possible orientations, comparable to the constraints posed by the 3-nt bulge between P9 and P9A 
(Figure 6.3A).  
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To further determine the degree to which the three-way and four-way pseudoknotted 
junctions are globally constrained, we computed the number of unique 2×(αh, βh, γh) and 3×(αh, 
βh, γh) conformations sampled by each, respectively. For these calculations, P8 and P4 were used 
as the respective internal reference helices for the three-way and four-way junctions. This 
analysis reveals that the P4-P6-P7-P3 four-way junction samples only ~5% of possible global 
interhelical conformations and the P8-P7-P3 three-way junction only ~0.2% of possible 
conformations. Notably, this means that both pseudoknotted junctions are more constrained than 
the canonical tRNA four-way junction, despite containing more single-stranded residues. Thus, 
 
Figure 6.3: Interhelical angles sampled by the Azoarcus ribozyme 
(A) The fraction of total (αh, βh, γh) space sampled between pairs of Azoarcus ribozyme helices computed on a 10° 
grid. (B) The fraction of total 2×(αh, βh, γh) and 3×(αh, βh, γh) global interhelical conformations sampled by the 
three-way and four-way pseudoknotted junctions, computed using a 60° grid. The fraction of 3×(αh, βh, γh) angles 
sampled by tRNA from Chapter 4 is shown as reference. (C) The mutual information between the (αh, βh, γh) 
distributions of different helices. The (αh, βh, γh) of each helix was computed relative to P4. 
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as might be naively presumed, pseudoknots place strong topological constraints on RNA 3D 
conformation. Due to the large number of junctions in the ribozyme, it is impossible to estimate 
the degree to which the molecule as a whole is constrained by topological constraints. 
Nevertheless, these results indicate that topological constraints strongly limit the 3D 
conformation of the Azoarcus ribozyme.  
As was observed for tRNA, one consequence of the Azoarcus ribozyme’s topological 
constraints is that the orientations of different helices are correlated. We calculated the (αh, βh, 
γh) orientation of all helices with respect to P4, and then computed the Mutual Information (MI) 
between different pairs of (αh, βh, γh) as a measure of the interhelical correlation. As described in 
Chapter 4, MI is a general measure of correlation that is independent of linearity assumptions, 
with zero MI indicating zero correlation. Strikingly, this analysis reveals small but wide-ranging 
correlations throughout the entire molecule. Helices linked by the central three-way and four-
way junction pseudoknots are correlated with 0.2<MI<0.6, comparable or greater than what is 
observed between the helices of tRNA (Chapter 4). P6 and P8, which are separated by two 
intervening helices, are correlated with MI≈0.2. While significantly attenuated, residual 
correlations of MI≈0.04 are also observed between P6 and P2, and P6 and P9, indicating the 
presence of long-range communication between the core and these peripheral domains. By 
contrast, P2 and P9 are completely uncorrelated (MI=0), as expected given that they are both 
only loosely coupled to the rest of the molecule.  
 
6.3.3 Topological constraints penalize formation of non-native tertiary contacts 
In our studies of tRNA in Chapters 4-5 we showed that topological constraints contribute to the 
specificity of tRNA 3D structure by preventing formation of non-native tertiary contacts. We 
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therefore explored whether topological constraints similarly contribute to Azoarcus ribozyme 
folding specificity. In particular, such a mechanism could help explain how the ribozyme can 
utilize identical GAAA/11-nt-receptor TL/TLR motifs in L2/J8 and L9/J5 without suffering from 
tertiary misfolding (Figure 6.1). The other primary set of tertiary interactions that stabilize the 
Azoarcus ribozyme, A-minor and base-triple motifs, also have limited specificity (4,26).  
Repeating the approach described in Chapter 4, we computed the free energy cost that 
topological constraints impose on forming tertiary contacts from the probability P(ri,rj) that 
residues ri and rj come within a S-S bead distance of 14 Å. These free energies are shown in 
Figure 6.4 for a selection of single-stranded regions to all other residues of the ribozyme. 
Consistent with our findings in tRNA, the free energy penalty for forming different long-range 
contacts in the Azoarcus is highly variable, with ΔGtopo varying from as little as 1 kBT to greater 
than 10 kBT.  Remarkably, once again, these penalties appear to be greater for non-native 
contacts than native contacts (native contacts are outlined in Figure 6.4), indicating that 
topological constraints are providing an inherent source of folding specificity. General features 
of the two different classes of tertiary interactions – A-minor/triple-type interactions and 
TL/TLR motifs – are discussed in detail below.  
Of the two tertiary interaction classes, native A-minor and base-triple-type interactions 
form with the lowest ΔGtopo penalties, with ΔGtopo<5 kBT for all interactions and frequently <3 
kBT (e.g. interactions between J2/3, J3/4, J6, J6/7, J7/3, and J8/7 to helices; Figure 6.4). 
Moreover, the difference in ΔGtopo between native and non-native contacts is large, typically >3 
kBT. As A-minor and base-triple interactions consist of only several hydrogen bonds and 
generally contribute no more than -3 kBT in stabilizing energy (27), the 3 kBT difference encoded 
by topological constraints is sufficient to strongly disfavor formation of non-native contacts. This 
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high degree of topological constraint specificity helps explain why large RNAs are able to use 
these sequence-non-specific interactions without suffering tertiary misfolding consequences. 
Interestingly, a similar pattern is observed in tRNA in Chapter 4, where the less-sequence-
specific base-triple interactions between the V-loop and D-stem/loop form with lower ΔGtopo 
penalties and greater topological constraint specificity. Together, these observations suggest that 
A-minor and base-triple-type interactions are primarily ‘opportunistic’, occurring between loops 
and helices that are topologically local with few alternative available interaction partners. 
Compared to the A-minor and base-triple class of interactions, the TL/TLR contacts 
between L2/J8 and L9/J5 possess large ΔGtopo penalties of >6 kBT (Figure 6.4). In addition, the 
 
Figure 6.4 ΔGtopo of forming different pairwise tertiary contacts in the Azoarcus ribozyme  
Selected loop regions are shown along the y-axis, ordered by sequence number from 5’ to 3’ end. Along the x-axis 
are shown all residues, also ordered 5’ to 3’. Colored bars drawn along the bottom of the x-axis are used to indicate 
different secondary structure elements, with the color scheme the same as in Figure 6.1. Vertical gray 
backgrounding is used to indicate paired regions. S-S contacts observed in the 1U6B crystal structure are outlined in 
dark gray and black. Regions drawn in black make actual tertiary interactions, whereas regions drawn in gray 
correspond to residues that are in close proximity in the crystal structure but do not participate in tertiary 
interactions. 
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TL/TLR motifs have less topological-constraint-encoded specificity. For example, L2 forms 
contacts with P7 with a comparable or smaller ΔGtopo penalty than with its native J8 receptor, and 
can also form contacts with P4, P5, and P9 with only 1-2 kBT higher penalty (Figure 6.4). 
Likewise, the ΔGtopo penalty of forming native contacts between L9 and J5 is 7-8 kBT, but is <6 
kBT for forming non-native contacts between L9 and P6 or P7 (Figure 6.4). It is worth 
emphasizing that this analysis only evaluates whether residues can come into close proximity; 
finer-grained analyses that also consider interaction geometry may reveal that L2 and L9 have 
greater topological-constraint-encoded specificity. Nevertheless, these results suggest that the 
sequence specificity of TL/TLR interactions (28) is important for preventing tertiary misfolding. 
Significantly, however, topological constraints strongly discriminate against formation of non-
native TL/TLR interactions. Native L2/J8 TL/TLR contacts form with ~1.5 kBT smaller ΔGtopo 
than non-native L2/J5 contacts, and with a ~2.0 kBT smaller penalty than the competing L9/J8 
interaction (Figure 6.5). For L9, the native L9/J8 interaction forms with ~0.5 kBT smaller 
penalty ΔGtopo than the non-native L9/J8. Thus, for these two motifs that have identical 
sequences, topological constraints provide an important source of folding specificity.  
An interesting difference between the two TL/TLR interactions is the ~1.5 kBT higher 
ΔGtopo of forming L9/J5 contacts relative to L2/J8. The greater cost of L9/J5 formation correlates 
with the high evolutionary conservation of GAAA and 11-nt receptor motifs at L9 and J5, which 
form with the highest affinity of any TL/TLR interaction (1,29). By contrast, L2 and J8 are 
frequently substituted with weaker TL/TLR motifs in other group I introns (12,29). The higher 
ΔGtopo of L9/J5 contacts can be rationalized by the greater number of flexible linker/pivot points 
separating the different long-range interactions along the secondary structure. The shortest 
secondary structure path from L9 to J5 passes through four such flexible points – J9, J7/9, J6/7, 
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and the P4/P6 linker. By comparison, only two flexible points separate L2 and J8. 
Approximating these two scenarios as five-mer and three-mer ideal chains, where the monomers 
are uniformly long secondary structure elements, L9 and J5 would be expected to form contacts 
with 0.4 lower probability than L2 and J8 (30). This decreased probability translates to a ~0.8 
kBT higher ΔGtopo, within a reasonable range of the ~1.5 kBT difference we observe. This 
comparison can also be made to tRNA, where the D- and T-loops are separated by two flexible 
points and form with ΔGtopo comparable to L2 and J8 (Figure 4.2). Thus, while RNA secondary 
structure is clearly not an ideal chain, this comparison reveals that the higher ΔGtopo can be 
understood in the context of well-established polymer physics. 
 
6.3.4 Well-packed folds are too sparsely sampled to identify native 3D structure 
In Chapters 4-5, we were able to harness the tertiary specificity of topological constraints to 
predict native tRNA 3D structure. In particular, we found that topological constraints prevented 
tRNA from forming non-native well-packed conformations, thereby allowing us to identify the 
native 3D structure as the most entropically favored well-packed conformation. Given the similar 
evidence of topological-constraint-encoded tertiary specificity, we thus repeated this procedure 
for the Azoarcus ribozyme. As before, we identified the 500 ‘best-packed’ conformers from our 
simulation that have the maximal number of long-range contacts between single-stranded loops 
 
Figure 6.5: The ΔGtopo of forming native and non-native TL/TLR interactions 
ΔGtopo values were computed from the probability of observing at least a single S-S contact between the respective 
TL and TLR. Native TL/TLR interactions are indicated by asterisks.  
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and inter-helical stacking interactions. The entropy of each conformer was then computed based 
on how many structurally similar conformers appeared in the best-packed ensemble. Unlike for 
tRNA, this procedure was unable to identify the native fold (defined here as RMSD < 23 Å; 
(21)) (Figure 6.6). While several low RMSD conformations appear in the subset, the significant 
majority of conformations are non-native. Many non-native conformations also have high 
entropies, indicating that these conformations are not heterogeneous, but rather adopt similar 3D 
structures. Analysis of these high entropy conformations revealed that they correspond to 
extended conformations that form many core contacts, but do not possess any contacts involving 
the L2 or L9 TLs (Figure 6.6). Thus, while the identified ‘well-packed’ conformations are not 
biased towards the native structure, neither are they biased towards a viable non-native fold. 
Indeed, none of the ‘best-packed’ conformers are particularly well-packed, indicating that such 
conformations are simply not sampled.   
The paucity of well-packed folds in our simulation can be rationalized by the very high 
entropic cost associated with forming such conformations (Figure 6.2). For example, given that 
P2 and P9 are completely uncoupled from one another (Figure 6.3), the free energy of forming 
L2/J8 and L9/J5 TL/TLR contacts simultaneously is expected to be >12 kBT. Given this energy, 
the expectation is that only 6 of the 106 Azoarcus ribozyme conformations generated by our 
simulations should possess both contacts.  
As an attempt to overcome the sparse sampling of compact conformations, we performed 
an additional TOPRNA simulation where the radius of gyration was restrained to 32 Å (the 
SAXS measured value (5)). We then used the same procedure as above to identify and compute 
the entropies of the 500 best-packed conformations. However, this analysis also failed to yield 
native-like conformations, and in fact identified a number of non-native well-packed folds as the 
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most entropically favored (not shown). Further analysis revealed that the radius of gyration 
restraint strongly disfavored P4/P6 stacking due to the fact that the end-to-end distance of the 
P4/P6 coaxial stack is ~100 Å. As discussed below, P4/P6 stacking is a central organizing 
feature of the ribozyme 3D structure, and thus it is not surprising that native-like conformations 
are underrepresented in this simulation.  
 
6.3.5 Comparisons to an isolated TL/TLR motif indicate that topological constraints strongly 
destabilize Azoarcus TL/TLR motifs 
Collectively, our results indicate that the secondary structure of the Azoarcus ribozyme possess 
very strong entropic penalties on tertiary folding. However, it is it difficult to fully appreciate the 
consequences of these penalties on folding stability without some external reference. To better 
contextualize the ~5.4 kBT and ~6.9 kBT ΔGtopo penalties of forming native L2/J8 and L9/J5 
GAAA/11-nt-receptor interactions, we performed simulations of an isolated GAAA/11-nt-
receptor motif that has been well characterized experimentally (Figure 6.7A) (31). These 
simulations reveal that the ΔGtopo for the isolated motif is ~4.2 kBT. Experimentally, this motif 
 
Figure 6.6: Well-packed folds sampled by the Azoarcus ribozyme 
(A) Entropies and all P-bead RMSDs of the 500 best-packed conformers sampled by the Azoarcus ribozyme 
simulation. Conformations possessing contacts between L2 or L9 and any helical or internal loop region are drawn 
in red. (B) Two representative high entropy ‘well-packed’ conformations. The structural elements are colored as in 
Figure 6.1. 
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was measured to fold with ΔGfold=-0.5 kBT at high salt concentrations and ΔGfold=1.6 kBT at low 
salt concentrations. Similar ΔGfold values were obtained when the U7 single-stranded linker was 
replaced with an A7 linker. Therefore, assuming that all other components of the ΔGfold of the 
GAAA/11-nt-receptor interaction are equivalent in the ribozyme and isolated motif contexts, we 
predict that L2/J8 should have 0.6≤ΔGfold≤2.8 kBT, and L9/J5 should have 2.2≤ΔGfold≤4.3 kBT 
(Figure 6.7C). Thus, topological constraints disfavor individual formation of these motifs, 
particularly L9/J5.  
 Notably, these predicted ΔGfold values for L2/J8 and L9/J5 correlate well with 
experimental observations. Both equilibrium and time-resolved hydroxyl radical probing 
experiments indicate that L2/J8 forms first and is independently stable (15,32), with a folding 
midpoint (ΔGfold=0) at ~0.7 mM MgCl2 (32). This is in good agreement with our prediction that 
ΔGfold should be ~0.6 kBT by comparinng to the isolated TL/TLR motif at 1 mM MgCl2 (high 
salt). By contrast, formation of the L9/J5 interaction occurs late in the folding pathway, coupled 
to formation of other tertiary interactions, and has the highest MgCl2 folding midpoint of all 
 
Figure 6.7: Comparison of the ΔGtopo between isolated and Azoarcus TL/TLR interactions  
(A) Secondary structure of the isolated TL/TLR motif characterized experimentally by Nesbitt and colleagues (31). 
(B) ΔGtopo values computed from the probability of observing at least a single S-S contact between the respective TL 
and TLR for the different motifs. (C) ΔGfold values measured experimentally for the isolated motif and extrapolated 
to the Azoarcus TL/TLR motif at low and high salt concentrations (31). Extrapolated values for TL/TLR motif i 
were obtained from the equation ΔGfold(i) = ΔGfold(iso) + (ΔGtopo(i)- ΔGtopo(iso)) 
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tertiary interactions (15,32). Similarly, our simulations predict that ΔGfold≈2.2 kBT even at high 
MgCl2 concentrations, indicating that L9/J5 is unlikely to form by itself. As discussed above, the 
differential stability of the two motifs also correlates well with the stronger evolutionary 
pressures on L9/J5 compared to L2/J8.  
 
6.3.6 Triple-helix formation promotes cooperative folding of L9/J5 
An implication of the above results is that topological constraints provide the basis of a natural 
hierarchical folding mechanism. Here, the comparably low ΔGtopo of L2/J8 allows it to form 
early and independently, whereas formation of L9/J5 is disfavored by a high ΔGtopo penalty until 
late in the folding pathway.  
Interestingly, recent experiments have shown that formation of L9/J5 is strongly 
thermodynamically coupled to tertiary interactions between J6/7 and P4, and J3/4 and P6, which 
together comprise the central triple helix (TH) motif (5). While L9/J5 appears to form 
concomitantly with the TH at the time and structural resolution of experiments (15,32), there is 
strong reason to believe that TH folding precedes L9/J5 formation. Notably, in the related 
Tetrahymena group I ribozyme, folding of the P4/P6 domain (which requires TH folding) is a 
critical first folding step that nucleates assembly of the rest of ribozyme (33). Early modeling 
studies of Group I introns also observed that the TH motif places strong constraints on the rest of 
the ribozyme core, helping to organize the global architecture of the RNA (12). Finally, the TH 
is among the most highly conserved structural elements of all group I ribozymes (12), and 
although it does not directly play a role in catalysis (14), it is required for enzymatic activity due 
its crucial structural role (33-35). Our simulations also support that the TH can form more easily 
than L9/J5, with ΔGtopo≈3.5 kBT for both sets of base triple interactions (Figure 6.4). Thus, 
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based on this evidence, we hypothesized that formation of the TH precipitates L9/J5 formation 
by reducing ΔGtopo.  
As a first of test of this hypothesis, we used our unrestrained simulation to compute the 
ΔGtopo of forming L9/J5 contacts conditional on P4 and P6 being coaxially stacked. This 
calculation revealed that the ΔGtopo of L9/J5 is lowered to ~5 kBT, indicating cooperativity 
contributes ~2 kBT to L9/J5 stability (Figure 6.8). This compares favorably to the ~3 kBT 
cooperatvity observed experimentally between L9/J5 and the TH at moderate MgCl2 
concentrations (5). Moreover, returning to the comparison of the isolated GAAA/11-nt receptor 
above, this reduction in ΔGtopo reduces the predicted ΔGfold of L9/J5 from 2.1 kBT to ~0 kBT, 
indicating that this cooperativity is sufficient to promote L9/J5 folding (Figure 6.8).  
 It is important to note that above calculation only measures the cooperativity between 
P4/P6 stacking and L9/J5 and does not presuppose formation of the TH interactions. To further 
explore the role of the TH interactions in folding we performed an additional simulation of the 
Azoarcus ribozyme where the central triple helix was restrained to its native conformation. Free 
energies of forming different contacts computed from this simulation thus reflect ΔGtopo | TH. 
 
Figure 6.8: Cooperativity between the TH and distal tertiary interactions 
 (A) Thermodynamic cooperativity between the indicated tertiary interactions compared to values measured 
experimentally (5). ΔΔGcoop between interaction i and either P4/P6 stacking or restraint of TH was computed as 
ΔΔGcoop = ΔGtopo(i | X) - ΔGtopo(i). (B) ΔGfold values for TL/TLR interactions conditional on either P4/P6 stacking or 
restraint of TH, computed according to ΔGfold(i | X) = ΔGfold(iso) + (ΔGtopo(i | X)- ΔGtopo(iso)) using the ΔGfold(iso) 
measured at high salt concentrations (31).  
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Strikingly, ΔGtopo | TH(L9/J5) ≈  3.6 kBT, indicating a cooperative contribution of ~3.1 kBT that is 
within error of the experimental measurement (Figure 6.8). Referenced to the GAAA/11-nt 
receptor, the ΔGfold ≈ -1.1 kBT, indicating L9/J5 folding is significantly favored. Thus, couplings 
between helical domains arising from topological constraints are sufficient to account for the 
cooperativity between the TH and L9/J5 tertiary interactions. 
 The conformational sampling of the TH restrained simulation also allowed us to compute 
the whole ΔGtopo | TH map for all pairs of residues (Figure 6.9). This reveals TH formation has a 
broad effect throughout the molecule, as was observed experimentally (5). Most A-minor and 
base-triple interactions in the core are strongly promoted, and as shown in Figure 6.8, the 
cooperativities are in reasonable agreement with experimental measurements. The exception to 
this agreement, the L2/J8 interaction, is discussed in detail below. More notable is the large 
increase in native-specificity of the free energy landscape – whereas ΔGtopo | TH is lower than 
ΔGtopo for native contacts, ΔGtopo | TH is significantly higher for non-native interactions (Figure 
6.9).  
 In summary, our results indicate that topological constraints disfavor formation of L9/J5 
in the absence of the folded TH and P4/P6 stacking. Upon TH folding, which is topologically 
favored, the energetic penalty for forming L9/J5 contacts decreases by ~3 kBT, making L9/J5 
formation exothermic. TH folding also substantially favors formation of other tertiary contacts, 
and increases the native-specificity of the free energy landscape. These results provide strong 
support that secondary structure, through topological constraints, encodes a natural hierarchical 
folding mechanism and provides the basis of folding cooperativity.  
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6.4 Discussion and conclusions 
The folding mechanisms used by large RNAs have been the subject of intense research. In 
general, it is known that secondary structure typically folds first, followed by counterion-
mediated collapse to an ensemble of both native-like and misfolded compact intermediates, and 
final consolidation of tertiary structure (10). However, fundamental questions such as how large 
RNAs are able to fold to specific tertiary structures despite using non-specific tertiary 
interactions, and the source of the thermodynamic cooperativity that exists between these 
interactions, have remained poorly understood. Our simulations of the Azoarcus group I 
ribozyme suggest that topological constraints are an important component to the answers of these 
questions. In particular, we observe that topological constraints strongly confine the set of 3D 
 
Figure 6.9: ΔGtopo of forming different tertiary contacts upon restraint of TH  
Selected loop regions are shown along the y-axis, ordered by sequence number from 5’ to 3’ end. Along the x-axis 
are shown all residues, also ordered 5’ to 3’. Colored bars drawn along the bottom of the x-axis are used to indicate 
different secondary structure elements, with the color scheme the same as in Figure 6.1. Vertical gray 
backgrounding is used to indicate paired regions. S-S contacts observed in the 1U6B crystal structure are outlined in 
dark gray and black. Regions drawn in black make actual tertiary interactions, whereas regions drawn in gray 
correspond to residues that are in close proximity in the crystal structure but do not participate in tertiary 
interactions. 
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conformations accessible to the Azoarcus ribozyme and impose large, variable free energy 
penalties on forming different tertiary interactions. These free energy penalties are harnessed to 
selectively penalize formation of non-native tertiary interactions, providing a source of folding 
specificity, and long-range interhelical correlations arising from topological confinement provide 
a basis for encoding tertiary interaction cooperativity and hierarchical folding behavior.  
  As might be expected given their lack of sequence-specificity, A-minor and base-triple 
tertiary interactions appear to rely particularly heavily on topological-constraint-encoded 
specificity. We observe that native A-minor and base-triple interactions occur between structural 
regions that form with low ΔGtopo (<5 kBT), and putative non-native A-minor or base-triple 
interactions are discriminated against via large ΔGtopo penalties. These features likely serve two 
important roles in folding. First, the low ΔGtopo of these contacts suggests that they have a low 
barrier to formation. This may help create a funneled folding landscape, where topologically 
local A-minor and base-triple interactions form as the molecule compacts to help offset the large 
entropic penalty associated with compaction (36). Second, topological-constraint-specificity 
helps discriminate against formation of non-native contacts, smoothing the folding funnel.  
 By contrast, TL/TLR interactions have both high ΔGtopo penalties and lower topological-
constraint-encoded specificities. Unlike A-minor and base-triple motifs, TL/TLR interactions 
form with both high thermodynamic stability and sequence specificity (1), reducing the need for 
topological constraints to specify the folding landscape. Nonetheless, topological constraints do 
appear to play a key role in preventing the Azoarcus ribozyme from forming non-native TL/TLR 
interactions. Given their significant favorable enthalpies, formation of non-native TL/TLR 
interactions would be expected to pose large kinetic barriers to native tertiary folding (37). Thus, 
the ability of topological constraints to discriminate between competing TL/TLR interactions 
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likely explains why Azoarcus and other group I introns can use multiple of these motifs without 
suffering from tertiary misfolding.  
 Strikingly, in agreement with a model where formation of local A-minor and base-triple 
interactions help funnel the folding landscape, we observe that P4/P6 stacking and formation of 
the central triple-helix further increases both the specificity and stability of the L9/J5 TL/TLR 
interaction. The thermodynamic cooperativity we observe between TH and L9/J5, -3 kBT, is 
within error of the value measured experimentally (5). Based on comparisons to a reference 
isolated TL/TLR motif, this cooperative contribution is sufficient to shift the free energy of 
L9/J5 formation from a large positive value to a negative value. Furthermore, L9 is topologically 
prohibited from forming contacts with the competing J8 TLR (Figure 6.9), indicating that 
native-collapse becomes progressively more specific.  
 Together, these data support a cohesive model where topological constraints of the native 
secondary structure encode a hierarchical folding funnel whose entry is initiated by formation of 
local A-minor and base-triple interactions. Thermodynamic cooperativity between these 
interactions in turn promotes formation the otherwise disfavored L9/J5 tertiary interaction. As 
discussed above, such a folding funnel has clear benefits by helping to progressively compensate 
for the large entropic penalty associated with RNA compaction. However, such a folding funnel 
may also play an important role in preventing formation of topologically frustrated tertiary 
misfolded kinetic intermediates. In particular, a recent study of the Azoarcus ribozyme used a 
non-equilibrium approach to progressively enforce different native tertiary interactions on the 
prefolded secondary structure (23). In the majority of cases, this non-equilibrium procedure 
resulted in topologically frustrated tertiary misfolds.  
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It is important to note that the tertiary interaction cooperativity observed in our 
simulations corresponds to the experimental cooperativity observed at moderate MgCl2 
concentrations, where the Azoarcus ribozyme exists as an ensemble of native-like compact 
intermediates (5). At higher salt concentrations, L9/J5 and the TH are no longer 
thermodynamically coupled, which Woodson and colleagues (5) propose is due to salt-induced 
reorganization of the P7 active site that antagonizes L9/J5. Given that we observe that the 
cooperativity between the TH and L9/J5 is inherent to the ribozyme architecture, our simulations 
support that antagonism must be responsible for the lack of TH and L9/J5 cooperativity at high 
salt. 
A conspicuous exception to the agreement between our results and those of Woodson and 
colleagues (5) is the complete lack of cooperativity between L2/J8 and the TH in our simuatlions 
(Figure 6.8). Visual analysis of the TH-restrained simulation revealed that the TH places few 
constraints on either P2 or P8, as both of these helices are separated from the TH by the P3 helix. 
As a first explanation for this disagreement, we hypothesized that formation of the TH may 
promote formation of the highly conserved base triple interactions between the top of J8/7, J6/7, 
P4, and P7, which would then further restrict the P3-P7-P8 junction and thereby favor L2/J8 
formation (Figure 6.1). We tested this hypothesis by performing an additional simulation where 
both the TH and these base triples were restrained. However, this simulation also revealed that 
the ΔGtopo of L2/J8 was minimally affected (not shown). Electrostatic or attractive interactions 
not modeled by our simulations could provide the source of the experimentally observed 
cooperativity between these tertiary interaction motifs. However, we suggest an alternative 
explanation that acts on the secondary structure level. Here, L2/J8 formation helps stabilize the 
P3 pseudoknot, which in turn stabilizes TH and the rest of the molecule. Such a mechanism fits 
  192 
with the early folding of L2/J8 (15,32), and provides an interesting hypothesis to test in the 
future. 
 Clearly, our simulations represent a drastic oversimplification of the group I ribozyme 
folding landscape. Much of the complexity that makes the folding of these RNAs so interesting 
arises from secondary structure misfolding that our models cannot capture (10,25). Nevertheless, 
our results strongly argue that topological constraints play a critical role in defining the tertiary 
folding energy landscape of the Azoarcus ribozyme. Combined with our studies of tRNA, this 
suggests that topological constraints are a universally important determinant of RNA 3D 
structure and dynamics. 
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Chapter 7: Conclusion 
 
 
7.1 General conclusions 
In this dissertation we have comprehensively explored how topological constraints encoded by 
the connectivity and steric properties of RNA secondary structure govern RNA 3D 
conformation. Prior studies supplied strong evidence that topological constraints limit the 3D 
conformations accessible to two-way junctions (1-3), and hypothesized that these constraints 
may in turn provide a source of folding and dynamics specificity (1,3). Nevertheless, the full role 
of these constraints in determining two-way junction behavior remained unclear. More 
importantly, the role of topological constraints in higher-order junctions and large RNAs was 
unknown. Using a combination of heuristic models and the specially designed TOPRNA coarse-
grained model, and studies of bulges, tRNAs, and the Azoarcus ribozyme, we have conclusively 
demonstrated that topological constraints are fundamental to RNA folding and dynamics.  
Considered on an individual junction basis, the studies reported in Chapters 2-6 
characterize nearly every important class of junction found in functional RNAs. Our analyses 
uniformly indicate that topological constraints strongly limit junction conformation: for all but 
the longest bulges, two-way junctions are limited to <25% of the total interhelical space; 
different variants of the tRNA four-way junction are limited to <9%; a five-way junction variant 
of tRNA is limited to <7%; and three-way and four-way pseudoknotted junctions found in the 
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Azoarcus ribozyme are limited to 0.2% and 4%. The only significant junction type not discussed 
here, a standard three-way junction, has been simulated in separate work with similar observed 
topological confinement (unpublished data, Mustoe, Al-Hashimi, and Brooks). As a consequence 
of this confinement, the conformations of even indirectly connected helices are coupled together. 
Remarkably, in the Azoarcus ribozyme, these couplings extend across multiple junctions, 
indicating that in large molecules, topological constraints can restrict 3D conformation even 
beyond that expected based on individual junctions. Thus, taken as whole, these results strongly 
argue that topological constraints play a universal role in limiting RNA 3D conformation. 
More importantly, our simulations demonstrate for the first time that topological 
constraints make significant contributions to the free energy of different allowed junction 
conformations. In two-way junctions, the ΔGtopo varied by as much as 6 kcal/mol between 
different interhelical conformations. In tRNA and the Azoarcus ribozyme, the ΔGtopo of forming 
different tertiary contacts varied by as much as 2-5 kcal/mol. These values are of similar 
magnitude to those obtained by Chu et al. (1) in their studies of PEG-linked DNA helices, and as 
noted in the introduction, are expected from basic polymer physics principles (4).  
Experimental results in Chapters 3 and 5 reveal that these topological constraint free 
energies in turn have a profound effect on RNA tertiary folding and dynamics. Experimental 
observables averaged over our TOPRNA-generated free energy landscapes reproduce 
measurements made on dynamic polypyrimidine bulges to nearly within experimental error. 
Bulges in the PDB also adopt conformations that closely coincide with the topological constraint 
free energy landscape. In Chapter 5, differences in topological constraints destabilized the insN 
and insNN mutants of mt-tRNASer(UCN) by 0.6 and 1.2 kcal/mol, approximately within 
experimental error of the destabilization observed by UV melting. Together, these results provide 
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compelling support for the hypothesis that topological constraints comprise an integral 
component of the RNA free energy landscape.  
Strikingly, in tRNA and the Azoarcus ribozyme, the differential free energies encoded by 
topological constraints provide a robust, sequence-independent source of tertiary folding 
specificity by penalizing formation of non-native tertiary contacts. As noted in Chapter 1, the 
basis of tertiary folding specificity has long been poorly understood – most tertiary interactions 
are inherently non-specific, and motifs that are sequence-specific are often reused multiple times 
in the same molecule. The free energy penalties we observe between different contacts – 
between 1 and 2 kcal/mol – are similar in magnitude to the strength of individual tertiary 
interactions and thus are likely to be highly significant in determining the RNA folding outcome. 
For tRNA, these differences allow us to predict global 3D structure based purely on maximizing 
inter-loop packing. While the low probability of sampling compact conformations precluded us 
from predicting the Azoarcus ribozyme 3D structure, we suspect that a similar prediction would 
be possible with greater sampling. These results rationalize the observation that compact folding 
intermediates adopt native-like folds despite having incompletely-formed tertiary interactions 
(5), and why crowding agents that favor compact folds specifically stabilize the native structure 
(6,7). Thus, bearing out the hypothesis posed by Herschlag and coworkers (1), our data indicate 
that topological constraints are central to how RNAs overcome their limited nucleotide alphabet 
to fold to unique 3D structures. 
Topological constraints are also responsible for the cooperativity and hierarchical nature 
of RNA tertiary folding. In both tRNA and the Azoarcus ribozyme, tertiary contacts formed in 
one part of the molecule are transduced by topological constraints into a reduction of 
conformational freedom of distal helices, lowering the entropic cost of forming additional 
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tertiary interactions by as much as -2 kcal/mol. These values are within experimental error of the 
tertiary interaction cooperativity measured in the Azoarcus ribozyme (8). Coupled with the large 
entropic penalty of forming individual tertiary interactions in the Azoarcus ribozyme, this 
cooperativity produces a natural folding hierarchy where less costly short-range interactions 
form first and promote subsequent formation of long-range interactions. Such hierarchical 
folding may further prevent formation of non-native tertiary interactions that could pose kinetic 
barriers to native folding in large RNAs.  
It is important to acknowledge that our conclusions represent a greatly simplified view of 
RNA tertiary folding. This thesis explicitly ignored driving forces such as electrostatics and 
attractive interactions, which have been overwhelmingly shown to be critical to RNA folding 
(5,9,10). Recent studies have also made clear that our assumption that native secondary structure 
is always preformed during tertiary folding is an oversimplification (11,12). A full understanding 
of RNA tertiary folding requires consideration of these and other complexities of the RNA free 
energy landscape.  
Nevertheless, the ability of topological constraints to encode folding specificity, 
cooperativity, and hierarchy implicates them as a fundamental determinant of RNA folding and 
dynamics. Significantly, as shown in Chapters 2-5, topological constraints and their resulting 
contributions to the folding landscape are highly tunable, requiring only small changes to the 
length of interhelical linkers. Thus, topological constraints can be readily optimized by evolution 
to achieve specific functional goals, and, vice versa, there is strong evolutionary pressure on 
RNAs to conserve secondary structures that have optimal topological constraints. This is 
conclusively illustrated by mt-tRNASer(UCN), where disruption of topological constraints results in 
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human disease. Overall, we believe that topological constraints will prove to be a crucial piece in 
solving the RNA free energy landscape puzzle. 
 
7.2 Future outlook 
The highly predictive framework offered by topological constraints offers many immediately 
promising areas for future research. The most obvious extension is to test whether topological 
constraints play a similarly important role in the tertiary folding of larger RNAs such as the 
Tetrahymena group I ribozyme and the group II ribozyme. These RNAs have long served as 
paradigm systems for understanding tertiary folding (5), and exploring the applicability of 
topological constraints in these RNAs would help establish the universality or reveal limitations 
of the mechanisms uncovered herein.  
 An intriguing result from our studies of the Azoarcus ribozyme is that topological 
constraints can give rise to hierarchical folding behavior. As RNAs grow in size, hierarchical 
folding mechanisms become universal. The most important example of this is the ribosome, 
where folding is tightly controlled by the hierarchical binding of proteins that induce 
conformational changes in the ribosomal RNA (13-16). The physical basis of how this hierarchy 
is enforced is poorly understood. In Chapter 3, we found that proteins could stabilize two-way 
junctions in conformations with high topological constraint free energies. Interestingly, 
preliminary analysis of these junction/protein complexes revealed that the majority of the 
complexes are from the ribosome, and when mapped to the ribosomal assembly map (14), the 
participating protein bound early in the hierarchical assembly pathway. Testing whether 
topological constraints contribute to the hierarchical assembly mechanism of the ribosome 
should be an exciting future topic of study.  
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A related deeper question is why such hierarchical assembly mechanisms are necessary. 
It is known that assembly proteins play an important role in neutralizing the negative charge of 
the RNA during hierarchical assembly of the ribosome (17). However, it may also be the case 
that hierarchical folding mechanisms are necessary because topological constraints are unable to 
effectively discriminate against non-native interactions in large RNAs.  
The potential of topological constraints to encode tertiary folding specificity (at least in 
small RNAs) also offers new avenues for RNA 3D structure prediction. Given the enormous 
advances made in determining secondary structure (18), much of the field has pivoted to using 
secondary structure as a starting point for 3D structure prediction. However, the nonspecific 
nature of tertiary interactions continues to pose a significant challenge for structure prediction 
algorithms. Accounting for the penalties posed by topological constraints on forming different 
interactions may be a solution. In Chapters 4-5, we were able to predict tRNA 3D structure from 
these penalties alone, an impressive feat given that tRNA remains a difficult structure to predict 
for state-of-the-art methods (19). Our failure to predict the Azoarcus ribozyme structure indicates 
that future efforts to use TOPRNA as a structure-prediction method should incorporate an 
interhelical stacking bias and perhaps a radius of gyration restraint to increase sampling of 
compact conformations. Nonetheless, the Azoarcus ribozyme simulations did reveal the 
individual specificities of the TL/TLR and other tertiary interactions. Incorporating such 
information into preexisting methods is likely to prove fruitful (19-26). Considering 
conformational biases arising from topological constraints may also aid future efforts at 
predicting the 3D structure of long non-coding RNAs and other ‘non-structural’ RNAs, which, 
despite lacking clear stabilizing tertiary interactions, can adopt functional well-defined 3D 
structures (27). 
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While RNA dynamics were a secondary focus of this thesis, they are critical to many 
RNA biological processes, as discussed in Chapter 1. Compared to RNA folding, RNA 
dynamics are still much less understood. As we demonstrated in Chapters 3-4, topological 
constraints appear to play a primary role in dictating dynamics specificity, and for bulges in the 
low-salt limit, the overall free energy landscape. Thus, considering topological constraints is 
likely to be important for future efforts at understanding both the physics and function of RNA 
dynamics. An area of particular current interest is constructing dynamic RNA ensembles that can 
be used as a target for small molecule virtual screening (28). Topological constraint free energies 
could potentially be used to guide the generation of such ensembles to ensure that only low-
energy RNA conformations are being screened against. 
Beyond the above applications, several fundamental questions regarding the nature of 
topological constraints remain. In particular, we explicitly ignored electrostatics throughout this 
work. However, repulsion due to the negative charge of the RNA backbone is just as much an 
inherent constraint on RNA 3D conformation as topological constraints. While theoretical 
studies of model helical junctions suggest that electrostatic repulsions are significantly screened 
at the high salt concentrations where RNAs fold (29,30), it is likely that electrostatics will still 
disfavor particularly close packing of helices. It may be the case that electrostatics act in synergy 
with topological constraints to further discriminate against non-native tertiary conformations. 
Future studies may also explore how inclusion of atomic-level accuracy modifies the topological 
constraint free energy landscape; we recently developed an enhanced sampling method that uses 
(αh, βh, γh) angles as order parameters that could facilitate such studies (31). Lastly, as noted 
earlier, secondary structure is not always ‘prefolded’, as we assumed in our studies. Indeed, 
many studies have shown that tertiary interactions can form concomitantly with native secondary 
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structure, and that topological constraints posed by newly formed helices can bias downstream 
secondary structure folding steps (32-35). Studies of topological constraints in the context of 
these complexities are needed. 
 Finally, our studies of tRNA in Chapters 4-5 suggest that topological constraints 
underlie secondary structure conservation. While secondary structure has long been appreciated 
as the most highly conserved aspect of RNA, to our knowledge we are the first to provide a 
rationalization for this conservation. Exploring the link between topological constraints and 
secondary structure conservation in other RNAs may uncover new principles of RNA folding 
and function. In particular, many non-coding RNAs appear to lack traditional signatures of 
secondary structure conservation (36); it may be that these RNAs conserve topological 
constraints through variable secondary structure architectures. Better understanding the link 
between secondary structure and 3D folding is also likely to aid efforts at designing novel RNA 
folds. There has been speculation that the ability of RNAs to remain functional as long as 
secondary structure is conserved – and thus tolerate a high degree of primary sequence drift – 
was central to the viability of the RNA-world (37). In this respect, topological constraints may be 
at the very center of RNA’s ancient role as the progenitor of life. 
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Appendix A: Supporting Information for Chapter 2 
 
 
A.1 Derivation of linker length as a function of (αh, βh, γh) 
We can express the linker length for a bulge-like connected system by reducing each helix to two 
points, a pivot point located at the origin (representing the Y strand) and a linker terminus 
(representing the X strand) on the opposite side of the helix (Figure A.4). The linker termini are 
located a distance D from the origin, where D is the span of the helix diameter. In the initial 
state, both helices are coaxially stacked, so YH1 = YH2 = (0,0,0) and XH1 = XH2 =(D,0,0).  However, 
in some (αh, βh, γh) conformation YH1 = YH2 = (0,0,0), XH1 = (D,0,0), and XH2 = R(-γh, -βh, -αh) × 
(D,0,0)T. For the given (αh, βh, γh):  
€ 
R(−γ h ,−βh,−αh ) =
cos(αh )cos(βh )cos(γ h ) − sin(αh )sin(γ h ) cos(αh )sin(γ h ) + sin(αh )cos(βh )cos(γ h ) −sin(βh )cos(γ h )
−cos(αh )cos(βh )sin(γ h ) − sin(αh )cos(γ h ) cos(αh )cos(γ h ) − sin(αh )cos(βh )sin(γ h ) sin(βh )sin(γ h )
cos(αh )sin(βh ) sin(αh )sin(βh ) cos(βh )
⎛ 
⎝ 
⎜ 
⎜ 
⎜ 
⎞ 
⎠ 
⎟ 
⎟ 
⎟ 
 
 [A.1] 
And therefore 
€ 
XH2 = R(−γ h − βh −α h ) × D ,0,0( )T         [A.2] 
€ 
= D
cos(αh )cos(βh )cos(γ h ) − sin(αh )sin(γ h )
−cos(αh )cos(βh )sin(γ h ) − sin(αh )cos(γ h )
cos(αh )sin(βh )
⎛ 
⎝ 
⎜ 
⎜ 
⎜ 
⎞ 
⎠ 
⎟ 
⎟ 
⎟ 
      
[A.3] 
From the coordinates of XH1 and XH2 we can calculate the distance, L, between the two 
linker termini:  
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€ 
L =
D2 cos(αh )cos(βh )cos(γ h ) − sin(αh )sin(γ h ) −1( )
2
+D2 −cos(αh )cos(βh )sin(γ h ) − sin(αh )cos(γ h )( )
2
+D2 cos(αh )sin(βh )( )
2    [A.4] 
Through an expansion of the squared terms and simplification this reduces to: 
€ 
L2
D 2 = 2− 2cos(α h )cos(βh )cos(γ h )+ 2sin(α h )sin(γ h )      [A.5] 
This can be written as a function F: 
€ 
F = 1− cos(α h )cos(βh )cos(γ h ) + sin(α h )sin(γ h ) −
L2
2D 2      [A.6] 
with the total derivative of F with respect to an arbitrary time, t: 
€ 
dF
dt =
∂F
∂αh
∂αh
∂t +
∂F
∂βh
∂βh
∂t +
∂F
∂γh
∂γh
∂t +
∂F
∂L
∂L
∂t        [A.7]
 
In the case where L, D, and βh are held constant, then 
€ 
0 = sin(αh )cos(βh )cos(γ h ) + cos(αh )sin(γ h )( )
∂αh
∂t
+ cos(αh )cos(βh )sin(γ h ) + sin(αh )cos(γ h )( )
∂γ h
∂t
      [A.8] 
and 
     [A.9] 
The singularities that occur in [A.9] correspond to L=0 or L=2D, where the linker is 
maximally or minimally extended and the total derivative of the function is 0. In the coaxial limit 
of βh 0°, 
€ 
dαh
dt =
dγh
dt  and changes in αh, which denotes a clockwise twist of the 3’ helix, must 
be exactly offset by negative changes in γh, or clockwise rotations of the 5’ helix. Similarly, as 
βh 180°, 
€ 
dα h
dt = −
dγ h
dt . The maximum allowable αh and γh values for a given linker distance 
! 
d" h
dt =
sin(" h )cos(#h )+ cos(" h )cos($h )sin(# h )
%cos(" h )sin(# h ) % sin(" h )cos($h )cos(# h )
d# h
dt
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are achieved when βh0° or βh180°, causing the topologically allowed αh-γh projection to 
appear as a superposition of these limits with the expected positive and negative αh-γh 
correlations (Fig 2A).  While the specific cases of βh=0° and βh=180° are locations of 
degeneracies in the Euler space (1), the approximately linear relationships between 
€ 
dα h
dt
 
 
and 
€ 
dγh
dt
 
hold for βh near these values.  As βh diverges from 0°, αh and γh remain correlated for fixed βh 
and linker length; however the proportionality constant between the differentials is no longer 
unity. Eventually, as βh90°, the αh-γh relationship breaks down. When βh=90° and αh or γh=0°, 
±90°, or ±180°, changes in αh are completely uncorrelated to changes in γh.
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A.2 Supporting tables and figures 
 
 
 
 
 
Figure A.1: (αh, βh, γh) projections of model cylinder systems  
(A) Sterically allowed,  (B) connectivity allowed, and (C) the union of sterically and connectivity allowed 
conformations for a bulge-like connected cylinder system with a 14.5 Å linker (equivalent to 2-nt bulge). (D) The 
set of allowed conformations satisfying the steric constraints for a center connected cylinder system with a 14.52 Å 
connector length. There are no connectivity constraints as the linker-length is invariant across the rotations. 
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Figure A.2: The per-nucleotide O3’-P atomic distance in PDB junctions  
The distribution was computed from 1787 H3S4≥X≥1H3S0 crystal structure bulges indentified with the RNA 
FRABASE (2).  The dashed line denotes the chosen linker cutoff of 7.26 Å.     
 
 
 
 
 
 
Figure A.3: Bulge linker distance distributions for junctions in the PDB 
(A)1120 S1S0, (B) 442 S2S0, (C) 213 S3S0, and (D) 12 S4S0 crystallographic junctions identified with the RNA 
FRABASE (2). The linker cutoff of 7.26 Å per bulged nucleotide used in our calculations is marked with a dashed 
vertical line at 7.26 Å, 14.52 Å, 21.78 Å, and 29.04 Å for S1S0, S2S0, S3S0, and S4S0 bulges respectively. 
 
 
 
 
 
!"! #"! $"! %"! &"!
!"!!
!"!#
!"!$
!"!%
!"!&
!"'!
!"'#
(
)*
+,
-.
/)
0
1/2.-0345*4657+3,4)./8459:;
!"!#
!"!$
!"!%
!"!&
'"! ("! #!"! #)"! #'"!
!"!!
!"#!
!")!
!"$!
!"'!
'"! ("! #)"! #*"! )!"!
!"!!
!"#!
!")!
!"$!
!"'!
#*"! )!"! )'"! )("!
!"!!
!"#!
!")!
!"$!
'"! %"! *"! &"! ("! *"!
+ ,
- .
/012345/3167859:; /012345/3167859:;
/012345/3167859:;/012345/3167859:;
<
=>
?@
A7
0=
1
<
=>
?@
A7
0=
1
<
=>
?@
A7
0=
1
<
=>
?@
A7
0=
1
  210 
 
 
Figure A.4: Diagram of linker length dependence on (αh, βh, γh)  
L is the linker length and D is the helix diameter. 
 
 
 
Figure A.5: Illustration of αh-γh correlations due to connectivity constraints 
Shown is a scenario where a rotation of the upper helix about its helical axis by αh over-stretches the linker. This 
must be offset by a corresponding rotation of the lower helix around its axis by γh. 
 
 
 
 
Figure A.6: Distribution of interhelical twist and bend in contiguous PDB helices 
(A) Interhelical twist (αh+γh) and (B) bend βh observed for 4062 x-ray (black) and 90 NMR (red) H6S0H6S0 
structures identified with the RNA FRABSE (2). Inter-helical angles were measured by splitting the contiguous, 6 
base pair helices. Vertical dashed lines denote the cutoff values used in the construction of the topologically allowed 
space. 
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Figure A.7: (αh, βh, γh) angles of GU-containing, NMR, or cryo-EM PDB junctions  
Interhelical angles measured for (A) NMR, (B) cryo-EM, or (C) GU closing base pair junctions. The total 
topologically allowed space is plotted for the connectivity constraints of 1 (light grey), 2 (dark grey), or 3 (black) 
bulged nucleotides, where allowed conformations for i number of bulged nucleotides are inclusive of those for i-1, i-
2, ...1 bulged nucleotides. (αh, βh, γh) angles measured for S1S0, S2S0, S3S0, and S4S0 junctions are plotted in red, 
green, blue, and orange respectively. Shown are 34 H3S1H3S0, 7 H3S2H3S0, 15 H3S3H3S0, and 2 H3S4H3S0 NMR 
junctions; 59 H3S1H3S0, 12 H3S2H3S0, 1 H3S3H3S0, and 1 H3S4H3S0 EM junctions; and  432 (392 X-ray, 31 EM, 9 
NMR) H3S1H3S0, 308 (282 X-ray, 25 EM, 1 NMR) H3S2H3S0, 157 (148 X-ray, 9 EM, 0 NMR) H3S3H3S0, and 2 (2 
X-ray, 0 EM, 0 NMR) H3S4H3S0 GU closing base pair containing junctions. 
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Table A.1: Helices used to computed the non-idealized topologically allowed space 
Base pairs at the site of the ‘junction’ are bolded. 
 
PDB Residues Sequence 5’ Helix RMSD 3’ Helix RMSD
1QC0 C.102:109 CACCGUUG 0.84 0.70
D.130:137 GUGGCAAC
1QC0 C.103:110 ACCGUUGG 0.90 0.74
D.129:136 UGGCAACC
1QC0 C.104:111 CCGUUGGU 0.77 0.87
D.128:135 GGCAACCA
1QC0 C.105:112 CGUUGGUA 0.73 0.90
D.127:134 GCAACCAU
1QC0 C.108:115 UGGUAGCG 0.87 0.80
D.124:131 ACCAUCGC
1QC0 C.109:116 GGUAGCGG 0.90 0.73
D.123:130 CCAUCGCC
1QC0 C.110:117 GUAGCGGU 0.78 0.68
D.122:129 CAUCGCCA
1QCU A.2:9 GGGGGGGG 0.56 0.64
B.14:21 CCCCCCCC
1QCU C.101:108 CCCCCCCC 0.56 0.78
D.115:122 GGGGGGGG
3DIL A.2:9 GCCGACGG 0.86 1.21
A.166:173 UGGCUGCC
3DIL A.85:92 GUGCAGAG 0.65 0.71
A.102:109 UACGUCUC
3DIL A.117:124 GGUAUGGG 0.72 0.93
A.130:137 CCAUACCC
1Z43 A.155:162 CAUCUCCU 1.14 1.14
A.167:174 GUAGAGGG
1Y26 X.14:21 GCUUCAUA 0.70 0.80
X.75:82 UGAAGUAU
3G78 A.356:363 ACCGCCGU 1.42 0.85
A.380:387 UGGUGGCA
433D A.5:12 UUGCGGUA 0.94 1.03
B.17:24 GGCGUUAU
1HR2 A.228:235 UCAACAGA 0.49 0.94
A.239:246 AGUUGUCU
2GCS A.10:17 CUUAAAGC 0.79 0.73
B.24:31 GAAUUUCG
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Appendix B: Supporting Information for Chapter 3 
 
 
B.1 Supporting tables and figures 
 
 
ID Sequence 
1 5’GGUBCCG 
   CCA  GGC5’ 
2 5’CAUBGCG 
  GUA   CGC5’ 
3 5’AGCBUUU 
  UCG   GAA5’ 
4 5’AGABAUC 
  UCU   UAG5’ 
5 5’UUGBUCA 
  AAU   AGU5’ 
6 5’ACUBGUG 
  UGA   CAC5’ 
7 5’GGCBCGU 
  CCG  GCA5’ 
8 5’UGUBCCA 
  ACA   GGU5’ 
9 5’AGCBCCG 
  UCG   GGC5’ 
10 5’CGABGCC 
  GCU   UGG5’ 
 
Table B.1: Sequences of TOPRNA simulated two-helix bulges 
Bolded ‘B’s are used to indicate where the ‘bulged’ single stranded nucleotides were inserted into the sequences, 
with the inserted bulges consisting of randomized sequences of lengths varying from 1 to 7 residues. 
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Figure B.1: Comparison of TOPRNA and NMR-MD HIV-2 TAR helices 
The distribution of helical parameters measured from TOPRNA simulations (solid lines) and NMR-MD dynamic 
ensemble of HIV-2 TAR (dashed lines). Parameters were measured for the first five base pairs of the lower helix 
(black) and the four base pairs of the upper helix (red), and the populations of the helical twist parameters represent 
collections over both the different conformations and constituent base-pair steps. The divergence between the NMR-
MD and TOPRNA helical parameters for the upper helix is due to a transient secondary structure change in NMR-
MD ensemble. 
 
 
 
Figure B.2: Interhelical angles sampled TOPRNA bulge simulations  
Angles sampled by TOPRNA are shown in gray, measured in the PDB shown in red, and predicted to be allowed by 
the heuristic model shown in black for (A)1-nt, (B) 2-nt, (C) 3-nt, and (D) 4-nt bulges. 
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Figure B.3: Energy distributions of ‘TOPRNA-unsampled’ bulge conformations 
TOPRNA force-field energies of interhelical conformations predicted to be allowed by the heuristic model that are 
sampled (black) and unsampled (gray) by TOPRNA simulations for (A) 2-nt, (B) 3-nt, (C) and 4-nt bulge systems. 
On the left are distributions of the total system energy and on the right distributions of the bulge-comprising 
nucleotides’ energy. Energies were obtained after minimization of a TOPRNA bulge to a scaffold possessing the 
given (αh, βh, γh) conformation (see Chapter 3 methods). 
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Appendix C: Supporting Information for Chapter 4 
 
 
C.1 Supporting tables and figures 
 
 
 
 
Figure C.1: Canonical correlations between the centers of mass of tRNA helices  
Correlations were measured as described in Chapter 4. The increased correlations between the (A, T), (D, AC), and 
(AC, T) stems of the cut tRNAs arise because global translations and rotations of these molecules were less 
effectively removed by reference helix superpositions. These residual global motions inflate the canonical 
correlation measured between helices. Note that these increased correlations are not observed by mutual information 
measures (Figure 4.2). 
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Figure C.2: D-to-AC-stem stacking constrains other tRNA helices  
2D projections of the (αh, βh, γh) angles sampled between stems of WT tRNA when the D- and AC-stems are 
coaxially stacked (gray points), superimposed on top of all (αh, βh, γh) angles sampled by unrestrained WT tRNA 
(black points). Thus, black points denote otherwise accessible regions of (αh, βh, γh) space that are inaccessible when 
the D- and AC-stems are stacked. Cartoons on the left indicate the plotted inter-helical angle, with stems highlighted 
in blue denoting the H1 reference helix and stems highlighted in green denoting the H2 helix. Cutoffs of |βh|<20 and 
|αh + γh|<50 between the D- and AC-stems were used to identify coaxially stacked conformations. 
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Figure C.3: The energetic cost of forming tertiary contacts in cut V-loop tRNA 
The ΔGtopo is shown in upper triangle. The ΔΔGtopo between the cut V-loop relative to WT tRNA is shown in the 
lower triangle.  
 
 
 
Figure C.4: RMSD histogram of 500-best packed conformers of tRNA 
RMSDs were computed with respect to the 6TNA crystal structure using all-P atoms for all conformers sampled by 
the unrestrained simulation of WT tRNA (black), and of the 500 best-packed conformers identified using different 
values of εl and εs (colored; see key).  
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Figure C.5: Entropies of the 500 best-packed conformers of the cut V-Loop tRNA 
Entropies were computed using εl=-0.6 kBT and εs=-3.5 kBT for (A) WT, (B) cut A/D-loop, and (C) cut V-loop 
tRNAs. Conformations that possess only native-consistent contacts and have contacts between the D- and T-loops 
are shown in black, conformations that possess only native-consistent contacts but do not have D-T loop contacts are 
shown in red, and conformations possessing native-inconsistent interactions are shown in blue (see main text 
methods). Note that A and B are reproduced from Figure 4.3 for comparison. 
 
 
Figure C.6: High RMSD conformations sampled by the tRNA9R simulation 
Shown in red are 50 randomly selected conformations from a total of 1249 conformations sampled by the tRNA9R 
simulation with >15 Å RMSD from the crystal structure, computed using all P atoms. These structures are 
superimposed on the 6TNA crystal structure, shown in blue.  
 
 
 
Figure C.7: RMSD of tRNA4R simulations initiated from unfolded coordinates 
‘Unfolded’ initial coordinates were folded using a hierarchical folding scheme described in Chapter 4. The 
‘unfolded’ curve shown in red represents the aggregate RMSD distribution computed from the production runs of 
the members of the largest cluster. The prefolded curve shown in black is computed from tRNA4R simulation begun 
from the crystal structure and is identical to that shown in Figure 4.4. G26•A44, U8•A14, G15•C48, and G19•C56 
were restrained in  
both simulations.  
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Figure C.8: Interhelical angles sampled by WT tRNA  
2D projections of the (αh, βh, γh) angles sampled between different pairs of helices are shown for simulations of WT 
tRNA that are unrestrained, restrained by the non-redundant interactions G26•A44, U8•A14, G15•C48, and 
G19•C56, and fully restrained by all tertiary interactions shown in main text Figure 3A. Angles only sampled by 
unrestrained tRNA are shown in black, angles sampled by both unrestrained and non-redundantly restrained tRNA 
are shown in dark gray, and angles sampled by all three simulations are shown in light gray. Red points correspond 
to angles measured from 109 different tRNA crystal structures. Cartoons on the left indicate the plotted inter-helical 
angle, with stems highlighted in blue denoting the H1 reference helix and stems highlighted in green the H2 helix.  
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Figure C.9: Sequences and secondary structures of simulated tRNA variants 
Inserted features compared to WT tRNA are shown in red, and deleted features are marked by a red strike.  
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Appendix D: Supporting Information for Chapter 5 
 
 
D.1 Update of the TOPRNA force field 
Simulations unrelated to this dissertation revealed that the original TOPRNA force field 
(TOPRNA1) occasionally allowed helices to undergo significant unnatural unwinding 
transitions. We determined that this was due to systematic errors in the dihedral potential placed 
along the backbone of consecutively paired residues. These errors are artifacts of the fitting 
procedure used to parameterize TOPRNA1, which used a four-term cosine series to fit the entire 
backbone statistical potential derived from the RNA05 structural database (1, 2). In fitting to the 
whole statistical potential, global agreement is prioritized over faithfully representing the shape 
and proper minima of the A-form energy well (Figure S1). Given that paired residues in 
TOPRNA are meant to permanently assume A-form conformations, and in fact can never adopt 
non-A-form conformations due to base-pair bonds, it thus makes sense to refit the potential to 
only the A-form energy well.  
We reparameterized the backbone dihedral potentials using a single-term cosine of the 
form 
€ 
Uφ , i = Ki(1 + cos(φ −δ i ))        [D.1] 
and fitting it to the same RNA05-derived statistical potential described previously (1). The 
minimum of dihedral i, δi, was derived as δi = π+<φ>E<0.25, the average of all dihedral values 
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where the statistical potential had E<0.25 kcal/mol. Ki was derived by taking the average over all 
dihedral values within ±0.5 radians of δi 
€ 
Ki =
E(φ)
1+ cos(φ −δ i)( ) δ −0.5 ≤ φ ≤ δ +0.5
       [D.2] 
where E(φ) is the value of the statistical potential at dihedral value φ. All other aspects of the 
model were left unchanged. We name this new parameter set TOPRNA2, which we recommend 
as the new default all future TOPRNA simulations.  
Benchmark simulations of a series of random sequence 8-bp hairpins confirmed that 
TOPRNA2 better represents long helices (Figure D.1). The simulated hairpins were constructed 
using the –init option of toprnaCreate.pl (brooks.chem.lsa.umich.edu), and contained a 4-nt 
capping loop with each stem base pair having a 1/9 probability of being a GU base pair and 8/9 
probability being an AU or GC pair. Simulations were performed for 107 steps of Langevin 
dynamics at 300 K, using parameters described in Chapter 3. As a further test, we also repeated a 
number of our previous simulations of bulge motifs and cc-tRNA using TOPRNA2. Analysis 
showed that TOPRNA2 produced highly similar results to TOPRNA1 (not shown). For 
consistency, all values reported in Chapter 5 and Appendix D for cc-tRNA are calculated from a 
simulation performed using TOPRNA2. 
 
D.2 Estimating changes in mutant melting temperature 
At their respective melting temperatures the mutant and WT can be related through: 
€ 
ΔHfoldWT −TmwtΔS foldWT = ΔHfoldmut −TmmutΔS foldmut .        [D.3] 
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We assume that inserting one or two nucleotides into the V-loop will negligibly affect the 
enthalpy of folding, allowing us to directly relate the melting temperature Tm to the total entropy 
change upon folding, ΔSfold: 
€ 
TmwtΔS foldWT = TmmutΔS foldmut           [D.4] 
Assuming that the global rotational and translational degrees of freedom are the same in the 
folded and unfolded state, ΔSfold can be split into two primary terms: ΔSfold, other, the change in 
entropy contributed by ions, water, and increased local flexibility of residues previously 
participating tertiary interactions; and ΔSfold, 3Dconf, the change in entropy due to the increased 
number of global 3D conformations populated in the unfolded state. We assume that ΔSfold, other 
will not be affected by the insertion mutations, allowing us to express [D.4] as 
€ 
TmwtΔS fold , 3DconfWT = TmmutΔS fold , 3Dconfmut + Tmmut −Tmwt( )ΔS fold , other .      [D.5] 
Finally, noting that ΔSfold, other is expected be of a similar magnitude to ΔSfold, 3Dconf under high salt 
solution conditions (5), and (Tmmut-TmWT) to be ~10 K compared to Tm~300 K, the final term of 
[S5] should be negligible, allowing [S5] to be  simplified to 
 
€ 
TmwtΔS fold , 3DconfWT ≈ TmmutΔS fold , 3Dconfmut .        [D.6] 
The primary contributor to ΔSfold, 3Dconf will be the greatly increased number of 
interhelical conformations that the tRNAs populate in the unfolded state. The interhelical entropy 
of both the folded and unfolded states can be computed exactly as 
€ 
S3Dconf = −kB p (αh ,βh ,γ h )( ) ln p (αh ,βh ,γ h )( )[ ] dV∫ ,     [D.7] 
where the integral is performed over all allowed intehelical angles, and (αh, βh, γh) represents 
the set of 9D Euler angles describing a given tRNA conformation. dV is the volume element 
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sinβh,1dαh,1dβh,1dγh,1…sinβh,3dαh,3dβh,3dγh,3. We estimated this integral from our simulations by 
constructing a 9D histogram and summing over all populated bins 
€ 
S3Dconf = −kB
pi
Vi
ln piVi
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ Vi
i
∑          [D.8] 
where Vi is the volume of bin i , and pi is the population of bin i. In the folded state, only a single 
bin is populated and thus S3Dconf=kBln(Vnat), where Vnat is the volume of the native bin, yielding 
the final expression 
€ 
ΔS fold , 3Dconf = kB ln Vnat( ) + kB
pi
Vi
ln piVi
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ Vi
i≠nat
∑ .      [D.9] 
As shown in Figure D.6, the ΔTm estimates we obtain are relatively insensitive to choice 
of histogram bin size. We repeated our calculations using MBAR (6) to combine data from all 
eight temperature windows of our replica exchange simulations and found negligible differences 
between ΔTm estimates obtained using only data at 300 K (not shown). Since helices also possess 
translational degrees of freedom, we also repeated the entropy calculation using the distance of 
the T-stem closing base pair from its native coordinate (see above) as a tenth histogram 
dimension. Here, the calculation was performed the same as in [D.9] with Vi multiplied by the 
distance dimension bin width.  
Finally, it is worth noting that we also estimated ΔSfold, 3Dconf using less descriptive order 
parameters such as structural RMSD or single axis rotation distance of the (αh, βh, γh) angles to 
the native conformation. These calculations produced much smaller estimates of difference 
between the mutant and WT ΔSfold, 3Dconf due to their inability to fully capture the increased 
structural heterogeneity that is caused by the mutation. In other words, there are many tRNA 
conformations that have 15 Å RMSD from the native state, and RMSD alone cannot capture 
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changes in the heterogeneity of these non-native conformations. This highlights the importance 
of choosing good order parameters for entropy calculations.  
 
 
D.3 Supporting tables and figures 
 
 
Figure D.1: Correction to the TOPRNA force field 
(A, B) The sequence independent Si-Pi+1-Si+1+Pi+2 dihedral as parameterized in TOPRNA1. The statistical potential 
derived from the RNA05 database is shown using open red circles, the original four-term cosine series fit shown in 
gray, and final TOPRNA1 potential where the fitted Kφ were doubled shown in black (1). A detailed view of the 
energy minima is shown in (B). (C) The RMSD from idealized A-form structure of 400 8-bp hairpins of random 
sequence simulated using the TOPRNA1 force field. RMSDs were computed the S and P-beads of the stem residues, 
with the mean RMSD over 107 of dynamics steps shown as red circles, and standard deviation shown with gray error 
bars. The mean and standard deviation of the RSMD from idealized A-form structure observed among 9284 8-bp 
helices in the PDB identified from a search of RNA FRABASE (7) are shown as horizontal solid and dashed black 
lines. These RMSDs were also computed using S and P-beads by converting the all-atom PDB structures to 
TOPRNA representations. (D, E) The Si-Pi+1-Si+1+Pi+2 dihedral in TOPRNA2 with the same color scheme as in 
(A,B). (F) Same as (C), except simulated with TOPRNA2. All sequences with mean RMSD greater than ½ standard 
deviation above the PDB mean have at least one GU base pair, or for four special cases, contain ≤2 GC base pairs.   
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Figure D.2: Mutual information between mt-tRNASer interhelical angles 
The two helices whose orientations are being correlated are bolded. MI of 0 indicates no correlation.  
 
 
 
 
Figure D.3: Contributions to ΔΔGfold, topo between mutant and WT mt-tRNASer and cc-tRNA 
ΔΔGfold, topo = ΔGfold, topo(i) -  ΔGfold, topo(WT). Shown in gray is the ΔΔGfold, topo computed when native structure is 
defined as RMSD<10 Å with the existence both D-to-T-loop contacts and both interhelical stacks. The ΔΔGfold, topo 
of forming conformations with RMSD < 10 Å is shown in red. The ΔΔGfold, topo of additionally forming individual 
tertiary interactions given RMSD < 10 Å is shown by the green and blue colored bars. Open bars represent the sum 
of the individual contributions. Differences between the sum and the total ΔΔGfold, topo (gray) are due to losses in 
cooperativity among the individual interactions. 
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Figure D.4: Entropies of the best-packed mt-tRNASer conformers 
Entropies and native RMSDs are shown for the 500 best-packed conformers sampled by the different tRNA 
simulations (G26-U44 pairing enforced). Entropies were computed based on how many other structurally similar 
conformations are in the best-packed ensemble (see methods). Conformations that possess native-inconsistent 
contacts are shown in black. All other conformations are colored based on the subset of native contacts that they 
possess, which are labeled in the figure. Note that high entropies indicate conformers that are thermodynamically 
favored. 
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Figure D.5: Constraints of mt-tRNASer in the absence of G26-U44 pairing 
(A) The fraction of theoretically possible (αh, βh, γh) states sampled by TOPRNA simulations. (B) Mutual 
information measured between different pairs of tRNA interhelical angles, measured with respect to a common 
reference helices. The two helices whose orientations are being correlated are bolded. (C) Differences in the 
topological constraint contribution to the folding free energy ΔΔGfold, topo = ΔGfold, topo(i) -  ΔGfold, topo(WT). Values 
and error bars represent the mean and standard deviation of ΔΔG computed by block averaging over thirds of the 
simulations. (D) Fraction of the 500 best-packed conformations from each tRNA simulation that have non-native 
contacts (gray) or that have D-to-T-loop contacts and both interhelical stacks (red). The fraction of conformations 
with both native interactions is weighted by conformational entropy based on how many structural similar 
conformations are in the best-packed ensemble. 
 
 
 
Figure D.6: TOPRNA estimates of insN and insNN Tm 
Assumed WT Tm=45° C for mt-tRNAs with (A) and without (B) G26-U44 pairing. Calculations were done for 
several different bin sizes with the obtained results shown in different colors (SI methods). As the bin width 
becomes finer, the accuracy of the bin populations decreases. Note that although the bin widths are large, because 
we are binning based on (αh, βh, γh) value rather than single axis rotation distance to the native state, these bins are 
still able measure changes in heterogeneity of accessible states near the native conformation. 
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 Tm,1 ΔH1 Tm,2 ΔH2 Tm,3 ΔH3 Tm,4 ΔH4 
WT 40 47 53 70 68 42 81 73 
insG 34 51 50 33 71 56 83 120 
insA 31 43 52 27 71 63 81 73 
insU 33 46 53 36 66 80 73 52 
insUU 29 54 54 35 68 94 74 77 
 
Table D.1: van’t Hoff fit parameters to UV melting data at 2mM MgCl2  
All temperatures are in units of °C, and ΔH in units of kcal/mol. Estimated errors are denoted by superscripts, which 
were estimated manually based on repeating the fits with different initial parameters, bootstrapping analysis, and 
comparison between experimental replicates. Tm,1 errors are estimated to be ±1 °C, and Tm[2,3,4] errors are estimated 
to be ±5 °C. ΔH1 errors are estimated to be ±10% and ΔH[2,3,4] errors are estimated to be ±50%. 
 
 
 
 Tm,1 ΔH1 Tm,2 ΔH2 Tm,3 ΔH3 Tm,4 ΔH4 
WT 45 51 57 91 71 40 92 123 
insG 40 42 53 65 61 65 74 52 
insA 37 40 50 70 57 58 73 46 
insU 39 40 54 71 60 58 73 48 
insUU 34 47 59 43 70 83 76 50 
 
Table D.2: van’t Hoff fit parameters to UV melting data at 5 mM MgCl2 
All temperatures are in units of °C, and ΔH in units of kcal/mol. Estimated errors are denoted by superscripts, which 
were estimated manually based on repeating the fits with different initial parameters, bootstrapping analysis, and 
comparison between experimental replicates. Tm,1 errors are estimated to be ±1 °C, and Tm[2,3,4] errors are estimated 
to be ±5 °C. ΔH1 errors are estimated to be ±10% and ΔH[2,3,4] errors are estimated to be ±50%. 
 
 
 
